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Abstract
Light Microscopy of Proteins in their Ultrastructural Context
Ons M’Saad

2022

Fluorescence light microscopy is an essential tool in biomedical research. In immunofluorescence,
fluorophore-conjugated antibodies are used to detect specific proteins of interest in a fixed
biological sample. With recently developed nanoscopy techniques, whole cells can be imaged at
an isotropic spatial resolution of ~10 nm, revealing accurate protein distributions on the nanoscale.
However, most localized proteins are imaged against a dark background, which forbids seeing the
overall subcellular compartments (ultrastructural context) that encompass them. Electron
microscopy (EM), on the other hand, offers a complete cellular overview on the scale of a few
nanometers. However, EM fails to reliably detect specific molecules of interest. To this end,
correlated light and electron microscopy (CLEM) techniques have emerged to combine the high
molecular contrast of fluorescence microscopy with the ultrastructural imaging capabilities of EM.
Despite the merits of CLEM, sample preparation and image alignment are extremely laborious,

limiting this correlative approach to only proof-of-concept biological experiments.

This thesis poses this specific question: why is light microscopy alone incapable of resolving
the ultrastructural context of cells, despite extraordinary improvements in spatial
resolution? We argue that the limitation stems from the physical properties of fluorescent dyes:
dyes are ~1 nm in diameter, a size comparable to the distance between proteins in the densely
crowded cell. If labeled in bulk, fluorescent dyes would sterically hinder and self-quench via
electron transfer and dipole-dipole interactions, which would limit the achievable staining density

and thereby the sampling necessary to resolve the crowded cellular interior.



This thesis made the conceptual realization that if the sample protein content is isotropically
expanded up to 20-fold in all three dimensions, the relative size of fluorescent dyes would shrink
by the same factor. Here, the relative radius of a fluorescent dye would approach ~50 pm, which
is comparable to the size of an osmium atom (~200 pm) used in heavy metal EM staining. Bulk
fluorescence staining of the decrowded cell will therefore no longer be limited by sampling and
quenching restrictions, and ultrastructural details, previously accessible with only EM, can now be

revealed on a standard light microscope.

We call the underlying sample preparation technique pan-Expansion Microscopy (pan-ExM).
pan-ExM combines the philosophy of bulk- (pan-) staining of the total protein content with a newly
developed Expansion Microscopy (ExM) protocol capable of 20-fold linear sample expansion and
protein retention. We first develop pan-ExM in cultured cells as a proof-of-concept demonstration.
We then develop the technique in dissociated neuronal cultures and in thick (~70 um) mouse brain
tissue sections (pan-ExM-t) to establish its applicability in neurobiological research. Finally, in a
method we call panception, we demonstrate that the conceptual advance of pan-staining is also
applicable to transmitted light microscopy. Using polymers of varying refractive indices and light-
scattering analogs of fluorescent dyes, we show that sample ultrastructure can be imaged with

brightfield microscopy, and that sample microstructure can be revealed with the un-aided eye.
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1. Introduction

Long before the advent of microbiology, amid the fearful infancy of our species, humans used to
explain death from disease with enduring superstitious beliefs. Today, with the dissemination of
microscopy, we are no longer perplexed by what we cannot see. There is a germ theory of disease
[84]. Germs are seen, photographed, identified, and for the most part, destroyed. The 2019
coronavirus pandemic [85], during which most of this thesis was conducted, has set the course of
microscopy to an extraordinary degree. From immunofluorescence identification of lung tissue
biomarkers [86] to resolving the atomic structure of SARS CoV-2 spike proteins [87], microscopy

was put to test, and it delivered with grace.

Microscopy is light and lens-based in its origins. The first use of magnifying material can be traced
back to the 1% century AD when Seneca used flasks of water to magnify letters his book [88].
Interestingly, the silicate glass magnifying lenses we know today were first described by Ibn al-
Haytham in 1021 [89]. While there remains a controversy regarding who invented the microscope,
Leeuwenhoek in the 17™ century is credited with revealing, bacteria, ciliates, spermatozoa, and
muscle fibers using only a ~300-fold magnifying single-convex lens [90]. At the end of the 19%"
century, lenses reached the maximum numerical aperture, and the resolving resolution reached the
diffraction limit of ~200-500 nm [46]. The attention of scientists shifted from looking at overall
microstructure to exploring contrast agents capable of highlighting specific biomolecules of
interest. Most notable of the contrast mechanisms adopted was the phenomenon of fluorescence,
owing to its extraordinary sensitivity. Coon is credited with the invention of immunofluorescence

[93] and Shimomura with the discovery of the Green Fluorescent Protein (GFP) [94]. These
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labeling methods allowed imaging of single species of interest, namely single types of proteins,

and they are still the gold standard labeling techniques today.

Although single protein species can be imaged, single proteins in intact cells were not resolved
spatially until these past two decades. In the late 90s, the Abbe diffraction limit was revisited, and
a new type of so-called super-resolution fluorescence microscopes (SRM) were developed. These
circumvent the diffraction limit of light by selectively switching fluorophores between their on-

and off- states, allowing up to ~10-20 nm spatial resolution in three dimensions [47][48][49].

In an orthogonal and chemical technique termed Expansion Microscopy (ExM) [6], it was
demonstrated that physical magnification of fixed biospecimens can also bypass the diffraction
limit of light. Developed in 2015, ExM proved that by isotropically separating protein labels from
each other ~4-fold linearly using swellable polymer matrices, phantom images reminiscent of sub-
diffraction microscopy can be produced. Today, with rapid advancements in molecular biology,
chemical synthesis, optical hardware, and computing power, SRM and ExM techniques are active

areas of development.

It took over 100 years from the development of a compound light microscopy to conceptualize a
microscope that did not use light: Electron Microscopy (EM) was invented by Knoll and Ruska in
1931, and over the next century, became the standard modality to image cellular ultrastructure
[95]. To form an image, (transmission) EM uses shaped magnetic fields as electron optical lenses
and beams of accelerated electrons that are transmitted through a sample and detected on a charge-
coupled device (CCD) camera [161]. Improvements in vacuum systems, electron guns and
accelerating voltage would increase the resolution from ~10 nm to ~1 nm and allow for electron
beams to adequately penetrate thin biological specimen. In the 1940-60s, with the development of

fixatives and heavy metal stains by Claude, Porter, and Palade among many others, bulk sample
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contrast enhanced substantially, revealing the many textbook subcellular imagery we are familiar

with today [162][163].

Until now, EM was the only modality that provided a complete overview of cellular ultrastructure,
while fluorescence microscopy remains the gold standard molecular imaging modality. With the
order of magnitude enhancement in spatial resolution, fluorescence microscopy images can be
correlated to grayscale EM images of the same field of view, providing ultrastructural context to
fluorescent biomolecules of interest. This technique is known as correlative light and electron
microscopy (CLEM) and it is of high interest to biologists who wish to characterize protein
locations with previously unknown positions [164]. Despite its promise, however, CLEM is of
prohibitive experimental difficulty, inherent low throughput, and elementally limited by a low
(~20-80 nm) spatial correlation resolution [5]. Hence, the dream of looking down at a biological

sample and probing its molecular content in context remains elusive and calls for an innovation.

This thesis establishes a new concept for an optical contrast analog to electron microscopy,
enabling, for the first time, light-based contextual and molecular imaging on the scale of

nanometers.

We discovered that by enlarging biological specimen up to 8,000 their volumes and labeling the
bulk of their protein content with fluorescent dyes, familiar ultrastructural features that were

previously inaccessible with light microscopy can now be revealed and analyzed.

We call this sample preparation technique pan-Expansion Microscopy (pan-ExM), referencing
to the philosophy of labeling the whole (Greek: pan) and the original concept of sample

enlargement using Expansion Microscopy (ExM).
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In the following chapter, I introduce the key concepts of fluorescence nanoscopy, the methods of
Expansion Microscopy (ExM), and the challenges of contextual imaging. In Chapter 3, | present
my published work titled “Light microscopy of proteins in their ultrastructural context” which
demonstrates the feasibility of light-based contextual and molecular imaging in adherent cells. In
Chapter 4, | present my submitted manuscript titled “All-optical visualization of specific
molecules in the ultrastructural context of brain tissue” where | adapt pan-ExM to dissociated
neuron cultures and thick mouse brain tissue sections. Several key developments in Chapter 4 are
described in provisional patent. In Chapter 5, | develop a new concept for transmitted light
nanoscopy and un-aided eye perception (panception) of fixed biological samples. Chapter 5 is
described in my manuscript in preparation titled “Panception: Pan-cellular Perception”.
Chapters 1 and 5 are also described in published patent titled “Methods and Systems for Physical
Expansion and Imaging of Biological Samples”. Finally, in Chapter 6, | summarize the key
developments proposed in this thesis and reflect on the promise of light-based ultrastructural
imaging. Several paragraphs in Chapters 1 and 6 are adapted from a solicited review article to be

published in Physiology.
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2.Background

2.1. Fluorescence Microscopy

2.1.1. Fluorescence Nanoscopy

A fluorescence microscope is a magnifying lens-based optical system that uses fluorescence
contrast to visualize microscopic structures such as cellular organelles [43]. A biological sample
is usually labeled with fluorescing dyes and illuminated with a specific light wavelength that is
then absorbed by each dye and re-emitted at a longer wavelength. This emitted fluorescent light
is observed as bright luminescence on a dark background, allowing labeled structures to be
detected in extremely small amounts over relatively high noise levels [44]. The exceptional
sensitivity of fluorescent dyes and their relative non-invasiveness make them ideal contrast agents

to analyze the distribution and dynamics of the colorless biomolecules in question [45].

Despite the immense biological insight derived from fluorescence microscopy, the diffraction limit
of light restricts the spatial resolution to ~250-500 nm [46]. This precludes conventional light
microscopes from resolving organelle sub-structures, such as the cisternae of the Golgi apparatus
and the cristae of mitochondria. Fortunately, super-resolution microscopy (SRM) techniques such
as PALM, STORM, and STED developed in the last two decades have successfully overcome
Abbe’s diffraction limit. These control the number of fluorescing fluorophores in a diffraction
limited volume, allowing for an order of magnitude improvement in spatial resolution
[47][48][49][50][51]. Combined with breakthroughs in 3D imaging techniques, data acquisition

speed, and probe design, SRM now routinely achieves ~20 nm isotropic spatial resolution in fixed
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specimen and ~50 nm resolution in live cells and animal tissue [52][53][54][55][56][57][58][60].
Super-resolution microscopy (hanoscopy) today is a critical tool for biological discovery,
revealing for example the convoluted cis-medial-trans subcompartments of the Golgi complex in

adherent cells [1] and the fine structures of dendritic spines in the living mouse brain [59].

2.1.2. Tissue Clearing Techniques

Proteins are translucent in aqueous solution while lipid bilayers have high refractive indices
(R1~1.45, [165]). Because biological tissue is composed mostly of proteins and lipids assembled
heterogeneously in three dimensions, visible light that encounters these surfaces bend and scatter.
This scattering limits the optical depth of light microscopy, pushing many scientists over the
century to chemically transparentize (clear) their tissue specimens. Here the refractive indices of
tissue components are homogenized by either dissolving the lipid content or uniformizing the

density of scattering molecules [166].

Historically, the first clearing technique used organic solvents (e.g., methanol, hexane, and
tetrahydrofuran) to dissolve scattering lipids and dehydrate the underlying tissue. This process
leaves behind a homogenous, proteinaceous, and high RI sample [167] and is usually followed by
incubation in organic solvents of high Rls (e.g., benzyl alcohol) to match that of the now
dehydrated and delipidated sample. BABB [169], 3DISCO [168], and iDISCO [170] are all
modern clearing techniques that fall within this category. Although powerful, particularly in
anatomy studies, organic solvents quench fluorescent proteins and significantly shrink and distort

the tissue in question.

Aqueous clearing methods emerged to circumvent tissue dehydration artifacts present in organic

solvent based clearing techniques. In what is known as simple immersion methods, tissue samples
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are simply immersed in high RI solutions (e.g., formamide [173], sucrose [171], fructose [172],
and 2,2'-thiodiethanol [174]) to match the RI of the average tissue components. This strategy
preserves lipids and is experimentally less demanding. However, it provides relatively low clearing
efficiency, and it is used mostly to process small samples (e.g., monolayer cells and thin tissue

sections).

Methods known collectively as hyperhydration, on the other hand, provide enhanced clearing
efficiency compared to simple immersion methods. These remove lipids with detergents (e.g.,
Triton X-100) and hydrate the hydrophobic core of proteins with chaotropic reagents (e.g., urea),
thereby reducing the overall RI of the sample to ~1.38. Hyperhydration techniques (e.g., Scale
[175] and CUBIC [176][177]) have been effective at clearing whole mice bodies, fish organs, and

skin layers.

Despite the high clearing efficiency of hyperhydration methods and their compatibility with
fluorescent proteins, the high concentrations of detergents used (e.g., 50% (v/v) Triton X-100)
extract not only the lipid content but also a high fraction of the protein content (up to ~20-40%)
[68]. This weakens antibody stainings, which is very undesirable, particularly when imaging at
high resolution. To this end, in 2013, and in a method known as CLARITY, Chung and colleagues
developed polyacrylamide hydrogel scaffolds that can covalently crosslink the protein and RNA
contents prior to lipid extraction and subsequent RI matching. This revolutionized the field of
tissue clearing, as harsher lipid extraction (e.g., with sodium dodecyl sulfate (SDS)) can now be
applied, while the proteome and transcriptome can still be preserved in their totality and probed
with fluorescent dyes after clearing [68]. Although preserving tissue with polyacrylamide
hydrogels can be traced back to 1981 [179][180], CLARITY conceptualized the use of hydrogels

for transparentizing tissue, enabling 3D imaging of intact whole organs. Follow-up techniques
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such as PACT and PARS further optimized this hydrogel-based clearing method and widely

increased its dissemination [178].

2.1.3. Fundamentals of Expansion Microscopy

Multiple tissue clearing methods reported sample expansion (enlargement) after processing. In
fact, prior to 2015, expansion was considered a dreadful artifact of clearing [178][68][70][176].
Hyperhydration with urea was particularly notorious at expanding samples by linear factors
ranging from ~1.5 to ~2 [176][175] and hydrogel based clearing methods CLARITY and PACT
frequently reported ~1.5-fold tissue expansion [178][68]. To this end, post-fixation with 4%
formaldehyde (in the case of PACT) or dehydration with glycerol and sorbitol (in the case of

CUBIC and Scale) were usually employed to counterbalance the expansion artifact.

A new microscopy technique however would take the conceptual leap of purposely expanding
hydrogel-embedded tissue to achieve higher resolution imaging. In 2015 and in a method known
as Expansion Microscopy (ExM), Chen and colleagues combined hyperhydration with hydrogel
embedding and proved that isotropic ~4.5-fold linear enlargement of biological is possible [6].
Here, a fixed cell or tissue sample is infused with sodium acrylate monomers and bisacrylamide
crosslinker and a hydrogel is formed in situ. After mechanical homogenization of the sample and
water dialysis, electrostatic repulsion between the polyacrylate chains cause the underlying
hydrogel to absorb 4.5% ~ 100-fold its volume in water, pulling crosslinked biomolecules apart as
polymer chains linearly elongate in solution. This way, labels spaced closer than the optical
diffraction limit are separated in space and optically resolved by conventional light microscopy.
The apparent spatial resolution is now the diffraction limit of light (~300 nm) divided by the linear

expansion factor (300 nm / ~4.5-fold = ~70 nm). Although ExM is the first method to
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systematically and isotropically enlarge tissue components, the first recorded instance of
purposeful tissue expansion can be dated back to 1994, when North and colleagues inverted thin
cryosections of smooth muscle cells on the surface of Tris-buffered saline to separate cytoskeletal
elements and allow for higher resolution imaging [210][211]. The method was even dubbed

artificial expansion.

ExM methods can be broadly classified into two categories. The first category requires pre-
expansion immunofluorescence (IF), while the second category is compatible with post-expansion
IF. In the former approach, antibody labels are crosslinked to the ExM hydrogel with either the
use of acryloyl-functionalized DNA oligonucleotides (ExM 1.0) [6] or acryloyl-conjugated NHS
ester small molecules (pro-ExM [7] and ExM-GA [8]). The sample is then treated with detergents
that permeabilize lipid membranes and digested with unspecific proteases. Although proteases
remove most of the protein content, they allow for roughly half of the dye-conjugated antibody
fragments to remain anchored to the hydrogel, permitting their subsequent imaging. Finally, the
hydrogel scaffold is dialyzed with repeated exchanges in pure water. The linear expansion factor
for poly(acrylamide/sodium acrylate) co-polymers of sufficient mechanical integrity is ~4.5-fold.
Lowering the crosslinker concentration can allow for expansion factors up to ~10-fold (x10
expansion [11] and TREx [78]) but this is usually at the expense of rendering the hydrogels too
brittle to handle. Moreover, ExM gelation in this category can also be done iteratively (iExM) [10].
With the use of cleavable acrylamide crosslinkers and a combination of complementary DNA
oligonucleotides that transfer antibody labels from one gel to the next, a second iteration of ExM
yields an expansion factor of ~20-fold. Here, the effective spatial resolution is ~25 nm which is
lower than 300 nm / 20 ~ 15 nm because the resolving power is limited effectively by the size of

antibody labels used (~ 20 nm).
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The second category of ExM methods circumvents the use of harsh proteases for sample
homogenization by preventing inter-protein crosslinking after formaldehyde (FA) fixation [9][12].
It is hypothesized that by incubating FA-fixed cells in an excess of acrylamide monomers at high
temperatures, acrylamide will crosslink FA-modified amines (formaldimines) on proteins via a
nucleophilic addition reaction, thereby preventing the formation of methylene bridges between
closely spaced proteins while functionalizing proteins with acrylamide handles
[98][99][100][101]. After hydrogel embedding, the sample is denatured and has its lipid content
removed using anionic surfactants like sodium dodecyl sulfate (SDS) and heat. Electrostatic bonds
between proteins are therefore severed and mechanically rigid lipids are discarded. This allows the
protein-hydrogel hybrid to expand ~4-fold in pure water without significant loss of proteomic
content. This category of ExM methods borrows heavily from CLARITY protocols and it has been
used to expand whole mouse organs (MAP [9]) as well as cells and microbes (U-ExM [12]).
Importantly, since the proteome is preserved, these methods are compatible with post-expansion
IF techniques, allowing users to access a new dimension of fluorescence microscopy: one where

the linker error of fluorescent labels is small enough to not limit the achievable imaging resolution.

ExM methods have evolved rapidly these past few years, with protocols allowing for expansion
of: whole mouse brains, mouse lungs, mouse spleens, mouse pancreas slices [8][9], ovaries of
Drosophila [103], whole organisms like planaria [104], zebrafish [102][106], C. elegans [38],
human biopsies that are fresh-frozen or formalin-fixed and paraffin-embedded (FFPE) [105],
multiple bacteria communities [107][114], fungal species [112], and plants [115]. Engineering of
small acryolated molecules have enabled ExM to retain antibodies [34][109], RNA [108], actin
[34], protein self-labeling tags like SNAP and Clip [109], as well as synthetic lipids [34][35].

Expansion microscopy has been combined with in situ transcriptomic sequencing methods like
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multiplexed-error robust fluorescence in situ hybridization (MERFISH) [111] and fluorescence in
situ sequencing (FISSEQ) [110]. ExM has also been combined with optical super-resolution
techniques like structured illumination microscopy (SIM) [103][117], STED microscopy [113],
and STORM microscopy [109][116], providing even higher spatial resolutions. Moreover, ExXM
has been especially popular with light sheet microscopy modalities since expanded samples are
optically transparent (>99% water) and usually too large in volume to be thoroughly imaged with

lower throughput techniques [33][118].

The fundamental limit on spatial resolution in ExM is the mesh size of the embedding hydrogel.
Small-angle X-ray scattering (SAXS) studies show that polyacrylamide hydrogels with similar
monomer and crosslinker concentrations to the hydrogels used in ExM exhibit mesh sizes that are
on the order of ~1-2 nm [182]. However, polyacrylamide hydrogels prepared with free radical
polymerization are known to harbor structural inhomogeneities on the ~1-10 nm scale (e.g.,
dangling ends and loops) [183]. To obtain a more ideal hydrogel network, one study synthesized
a polyanionic hydrogel using end-linking of tetra-arm polyacrylate and polyethylene glycol (PEG)
polymers with Click Chemistry (tetra-gel or TG) [119][120]. Here, it was demonstrated that ~10-
fold expansion of the herpes simplex virus type 1 (HSV-1) capsid using TG gels yields 9.2 nm
spatial error instead of 14.3 nm using free radical polymerization, resulting in a more preserved
capsid sphericity [119]. However, TG gels did not prove superior in expanding structures within
cells and thick tissue (e.g., microtubules and dendrites). This could be due to the limited
permeability and diffusion extent of the highly charged and bulky tetrahedral polyacrylate and
PEG TG monomers (~28 carboxyl groups per monomer). Nevertheless, most ExXM methods still
use in situ free radical polymerization of small acryloyl monomers and crosslinkers that are widely

available.
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Whether the expansion mechanism in ExM separates biomolecules apart equally on the single
nanometer scale is a major question in the field. An ideal expansion would imply that (1) all
biomolecules are tethered to polymer chains in a 1-to-1 ratio, (2) that all proteins are
‘uncrosslinked’ and their interactions annulled, and (3) that the hydrogel polymer network itself is
homogenous and equally spaced. However, biomolecules can be technically considered ‘defects’
within the polymer network, and the extent of sample fixation (and reversal of fixation) is still an
area of large speculation. Still, inhomogeneities in EXM are repeatedly proven to average out on
the ~10 nm scale [185]. To validate the isotropy of expansion, the standard in the community is to
register pre-expansion images to their post-expansion counterparts. Here local deformities are
calculated and the error of image registration over several micrometers is reported in biological
units [6]. Alternatively, measuring nanoscale structures with defined symmetry and stoichiometry
such as nuclear pore complexes (NPCs) and centrioles can also be excellent validation metrics
[12][184]. Nonetheless, if implemented properly and factors such as strength of fixation and
sample homogenization are well accounted for during sample preparation, ExM methods can be
deemed isotropic on the ~10 nm scale, with errors possibly equivalent to the size of individual
proteins [185] and no different in magnitude than fluorescent probe linker errors frequently

reported in optical super-resolution microscopy techniques [186].

23



2.2. The Challenge of Contextual Imaging

2.2.1. What is Ultrastructural Context?

Ultrastructure is defined as the fine nanometer-sized structures that constitute cells, typically those
that cannot be imaged with diffraction limited microscopy or are only accessible with electron
microscopy (EM) techniques. Ultrastructural context is defined as the totality of fine
structures that thoroughly represent a cell. In one embodiment, this could refer to the total
electron or amino acid density of the sample. In other paradigm, this could be the bulk of proteins
or lipids that constitute the sample. In all embodiments, this molecular contrast must be able to
resolve familiar organelles or cellular compartments that are ~1-20 nm apart. It follows that if a
contrast reagent is used, it must be smaller in relative size than the molecule class it aims to
accentuate. Preceding this work, the only available options to localize proteins to their
ultrastructural context was to use immuno-EM or correlative light and electron microscopy

(CLEM).

2.2.2. Immuno-Electron Microscopy

Electron microscopy (EM) techniques display electron densities within a sample with spatial
resolutions on the order of a few nanometers. In the context of biological imaging, EM provides
the wide and familiar ultrastructural cellular context we often find in textbooks [161]. If a sample
is imaged following chemical fixation or freeze-substitution, it is often stained in bulk with heavy
metals such as osmium tetroxide and uranium acetate [122]. These enhance membrane and protein
contrast and allow for higher definition imaging of major subcellular compartments like the

cisternae of the Golgi apparatus and cristae of mitochondria.
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To identify functional molecules of interest, such as a specific protein type, immunodetection with

electron dense nanoparticles conjugated to antibodies (immuno-EM) can be an option [187].

Immuno-EM can be performed before sample embedding in plastic resin (pre-embedding immuno-

EM) [188] or after (post-embedding immuno-EM) [189]. Despite its promise, immuno-EM is of

limited popularity in the cell biology research community for immanent disadvantages. For

example:

(1) The electron-opaque markers that are conjugated to antibodies are imaged in the same

(2)

(3)

channel as the underlying ultrastructural context and may therefore be mistaken for
biological material. These markers (e.g., gold nanoparticles) are often designed to be larger
than most macromolecules (~6-25 nm), to not be mistaken for electron dense proteins such
as ribosomes. However, the larger marker size combined with the size of antibodies (~15
nm) often render the conjugate too large (~20-40 nm) to precisely localize the protein of
interest to its subcellular compartment and often obscures the structure itself.

In pre-embedding immuno-EM, the sample must be permeabilized with harsh detergents
to allow for antibody penetration, particularly if the protein of interest is located within a
double-membrane-bounded organelle. Permeabilization, however, perforates lipid
membranes and extracts specific lipids which are necessary for ultrastructure delineation
in EM, resulting in low-definition images.

In post-embedding immuno-EM, antibodies must bind antigens exposed on the surface of
thin and resin-embedded tissue sections. Because of antigen masking from excessive
fixative and resin crosslinking as well as the hydrophobic nature of the resin, antibody

labeling is usually inefficient.
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(4) More importantly, this method is inherently 2D. Hundreds of thin sections must be labeled

separately to achieve a 3D rendering.

2.2.3. Correlative Light and Electron Microscopy

Correlative light and electron microscopy (CLEM) is the technique of spatially correlating both
electron and fluorescence microscopy data sets [164]. In its origin, CLEM was designed to bridge
the gap between live-cell imaging and EM (Live-cell CLEM). A cell would be imaged live using
fluorescent proteins, fixed at a temporal frame of interest, and subsequently visualized by EM
using either immunolabeling or photoconversion of specific electron opaque substrates [190]. Here
the fluorescence signal is converted to an EM signal that is used to localize specific cells or
organelles. This way, cellular events such as cell division, synaptic release, membrane dynamics,
or organelle biogenesis can be studied at the dynamic level first and at the ultrastructural level

second, providing important biological insight [191][192][193].

In the present-day, however, developments in CLEM attempt to accomplish what immuno-EM
struggled to attain, and that is to quantitatively localize single proteins to their sub-cellular
compartments. Here the fluorescence signal in a fixed cell is overlaid directly with the EM image
[5]. Briefly, a cell is (1) fixed, (2) immuno-stained with fluorescent dyes, (3) imaged usually with
super-resolution fluorescence microscopy, (3) post-fixed with glutaraldehyde, (4) stained with
heavy metals, (5) dehydrated, (6) embedded in plastic resin, and (7) imaged with EM. Lastly,
images acquired with both microscopy modalities are correlated using sophisticated software.
Unlike immuno-EM, proteins in CLEM are shown in a different ‘channel’ and not captured

concurrently with total electron density. However, CLEM shares most of the disadvantages present
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in immuno-EM methods and introduces new challenges that are unique to its correlative nature.

For example:

(1) Like immuno-EM, antibodies in CLEM are bulky (~12 nm per antibody layer), lowering
their localization precision.

(2) Unlike immuno-EM, signal from antibodies is registered before the additional sample
preparation steps required for EM imaging, with the secondary fixation, heavy metal
staining, dehydration, and plastic embedding all contributing to sample shrinkage and
ultrastructure distortion. These factors also lower the precision of antibody localization.

(3) Software alignment methods currently achieve ~20 nm correlation resolution at best [194].
These alignment methods also require fiducials (e.g., embedded gold nanorods [194]), are
nonlinear (since deformations are nonlinear), and in many cases, depend on user input. This
means that there must be a priori knowledge of the target localization, limiting CLEM to
proof-of-concept experiments.

(4) Like pre-embedding immuno-EM, detergents must be used to permeabilize cellular
membranes, lowering the definition quality of EM imaging. Using fluorescent proteins
(e.g., GFP and mEos) or self-labeling protein tags (e.g., Halo, SNAP, and Clip tags) can
overcome some of the limitations associated with antibody labeling (such as points (1) and
(3)), but these are only available for genetically engineered targets.

(5) Even with the advent of super-resolution microscopy (SRM), there is still an order of
magnitude mismatch in spatial resolution between SRM and EM, particularly in the axial
dimension.

(6) This method is mostly performed in 2D and in thin tissue sections. 3D EM uses focused

ion beam scanning EM (FIB-SEM [195]) and diamond knife serial array [196] which
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require weeks of continuous data acquisition (e.g., 1 month per 1 cell in 3D correlative
light and FIB-SEM [5]), limiting this technique to proof-of-concept biological

experiments.
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3. pan-Expansion Microscopy of Adherent Cells

In this chapter, I reproduce my work titled:

M’Saad O. & Bewersdorf J. Light Microscopy of Proteins in their Ultrastructural Context.

Nature Communications, 11, 3850 (2020)

This work was recognized by a Yale News press release, an Editor’s Highlight webpage, and is
among the Top 50 Chemistry and Materials Sciences Articles in Nature Communications 2020
(>14,000 article accesses as of Oct. 9, 2021). My contributions to this section include the

conceptualization of the underlying pan-ExM method and its implementation in adherent cells.

Abstract

Resolving the distribution of specific proteins at the nanoscale in the ultrastructural context of the
cell is a major challenge in fluorescence microscopy. We report the discovery of a new principle
for an optical contrast equivalent to electron microscopy (EM) which reveals the ultrastructural
context of the cells with a conventional confocal microscope. By decrowding the intracellular
space through 13 to 21-fold physical expansion while simultaneously retaining the proteins, bulk
(pan) labeling of the proteome resolves local protein densities and reveals the cellular

nanoarchitecture by standard light microscopy.

3.1. Introduction

Fluorescence microscopy has transformed the field of cell biology through its exceptional contrast

and high specificity of labeling. With the advent of super-resolution microscopy, the three-
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dimensional (3D) distribution of specific proteins of interest can be imaged at spatial resolutions
down to ~10nm, revealing their astounding sub-cellular organization at the nanoscale [1].
Fluorescence microscopy, unlike electron microscopy, is however fundamentally prohibited from
resolving the ultrastructural context of the cell: the smallest fluorescent labels, organic dyes, are
~1 nm in diameter, a size comparable to the distance between proteins in the densely crowded
cellular interior [2]. Many binding sites are therefore masked or unreachable and neighboring
fluorescent labels sterically hinder or self-quench each other via electron transfer or dipole-dipole
interactions [3]. This limits the achievable fluorophore density and thereby the contrast and
sampling necessary to resolve the crowded and complex ultrastructural context of the cell [4].
Showing specific proteins in their ultrastructural context, has therefore largely relied on correlative
light/electron microscopy (CLEM). These techniques combine the resolving power and global
contrast of EM with the information provided by high molecular specificity of fluorescence
microscopy. While CLEM can yield information-rich images of the 3D landscape of the cell [5],
it requires highly specialized instruments and days to weeks of continuous data acquisition for a

single 3D data set of a mammalian cell, thereby limiting its applicability.

Here, we demonstrate a straightforward method of imaging whole-cell ultrastructural context
based on Expansion Microscopy (ExM). In ExM [6][7][8][9][10][11][12], a biological sample is
embedded and hybridized to a swellable poly(acrylamide/sodium acrylate) co-polymer network.
By absorbing water, the gel physically expands by a factor of ~4 in all three dimensions. In iterative
expansion microscopy (IExM), iteratively anchoring DNA oligo-conjugated antibodies to
hydrogel networks twice yields expansion factors of typically up to 20 [10]. The commonly used
proteases, which digest proteins to allow for homogeneous expansion, however, result in the

degradation of most cellular content. Variants of EXM such as Magnified Analysis of the Proteome
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(MAP) and Ultrastructure-ExM (U-ExM) have addressed this problem by preventing inter- and
intra-protein crosslinks during the tissue-hydrogel hybridization step and by using anionic
surfactants and heat to isotropically separate neighboring proteins [9][12]. However, despite their
promise, these techniques have been limited to an expansion factor of ~4 as they are not compatible

with iterative expansion.

We hypothesized that by embedding a sample in a dense hydrogel prepared with a cleavable
crosslinker in a second dense superabsorbent hydrogel, entanglements between polymer chains of
the first and final hydrogels will physically interlock protein-polymer hybrids in this latter polymer
network, thereby preserving the proteome while iteratively expanding it. This type of polymer
entanglement, first described by Sam Edwards in 1967 [13], would retain most of the cellular
proteome in the final hydrogel, while simultaneously expanding the sample by about a factor of
4 x4=16. The hydrogel chemistry employed in this method is reminiscent of semi-
interpenetrating polymer networks (semi-IPNs), where one polymer is crosslinked and the second
is linearl4. Because of their enhanced and tunable mechanical properties, semi-IPN hydrogels
have been designed to entrap cells, proteins, and small molecule drugs for controlled drug release
[15][16][17]. In this paper, we show that the application of semi-IPNs can be extended to the
entrapment of polymer-protein hybrids to increase the sample expansion factor while retaining its
protein content. This strategy combined with global fluorescent labeling, which targets all
separated proteins, would reveal the overall landscape of the cell with a light microscope -

resembling the contrast of heavy-metal EM stains.

Based on this concept, we developed an ExM method which we named, in reference to the
philosophy of labeling the whole (Greek: pan) proteome, pan-ExM. In brief (Supplementary Figs.

1 and 2), previously fixed cells cultured on coverslips are incubated in a solution of acrylamide
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(AAm) and formaldehyde (FA) to simultaneously prevent inter-protein crosslinks and tether
proteins to the hydrogel. Next, the cells are embedded in a poly (acrylamide/sodium acrylate) co-
polymer cross-linked with N,N'-(1,2-dihydroxyethylene)bisacrylamide (DHEBA), an acrylamide
crosslinker with a cleavable amidomethylol bond. After polymerization, the sample is delipidated
and denatured with sodium dodecyl sulfate (SDS) and heat. The hydrogel is then expanded ~4-
fold in deionized water and embedded in a neutral polyacrylamide hydrogel cross-linked with
DHEBA to maintain the gel in its expanded state during subsequent treatments. Afterwards, the
gel is incubated in a solution of FA and AAm for additional anchoring of previously masked
primary amines to the next hydrogel. This composite hydrogel is embedded in a third hydrogel, a
poly(acrylamide/sodium acrylate) co-polymer cross-linked with N,N’-methylenebis(acrylamide)
(BIS), a non-hydrolyzable acrylamide crosslinker. Next, sodium hydroxide is used to cleave the
crosslinks of the first and second hydrogels and the sample is washed with PBS. Lastly, the
hydrogel is labeled with fluorescent dyes and expanded to its final size in deionized water with an

expected linear expansion factor of ~16 (Supplementary Fig. 3).

3.2. Results

3.2.1. pan-ExM reveals cellular ultrastructure

To test this concept, we labeled proteins in bulk with what we refer to as a pan-staining. For this
first experiment we chose N-Hydroxysuccinimide (NHS) ester-dye conjugates, taking advantage
of the abundance of primary amines on proteins (Supplementary Fig. 4a). A visual comparison
of HelLa cells non-expanded, expanded once, or twice, imaged with a standard confocal

microscope (Fig. la—d; Supplementary Fig. 5), confirms the validity of this concept: non-
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expanded cells show essentially a uniform staining, revealing little information. Single-expanded
cells start to show the outlines of organelles such as mitochondria, but fail to show ultrastructural
details. Expanding cells twice, in contrast, allows to spatially resolve details too small to be
distinguished by conventional light microscopy methods in standard samples. Analogous to EM,
now resolvable hallmark features such as mitochondrial cristae (Fig. 1e, yellow arrowheads) or
the stacking of Golgi cisternae (Fig. 1le, green arrowheads) allow for the identification of

organelles by their morphological characteristics.
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Figure 1: pan-ExM reveals cellular ultrastructure. a Non-expanded Hela cell pan-stained with NHS ester dye. b HelLa
cell expanded 4-fold and pan-stained with NHS ester dye. ¢ pan-ExM expanded Hela cell pan-stained with NHS ester
dye. d Same image as c but shown with an inverted color table. e The area in the yellow box in d reveals hallmark

cellular ultrastructure features such as mitochondrial cristae (yellow arrowheads) and Golgi cisternae (green
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arrowheads). f Same image as in e but showing overlay of NHS ester pan-stain channel (green) and maleimide pan-
stain channel (magenta; see Supplementary Fig. 23). Representative images from 3 (a, b) and 11 (c—f) independent
experiments are shown. g Line profile along the magenta dashed line in e revealing Golgi cisternae. h Line profile
along the yellow dashed line in e revealing mitochondrial cristae. i Line profile along the dashed line in f revealing
the change in NHS ester to maleimide staining across a Golgi stack. Panels a—c are displayed with a black-to-white
color table. Panels d, e are displayed with a white-to-black color table. Yellow scale bars are not corrected for the

expansion factor. Scale bars, (a) 10 um, (b) 40 um, (c, d) 100 um, (e, f) 20 um.

3.2.2. pan-ExM is compatible with conventional fluorescent labels

Importantly, our protocol is compatible with immunofluorescence labeling as well as other
established chemical stainings, enabling correlative studies which combine specific and contextual
pan-labeling approaches. Fig. 2a—c and Supplementary Fig. 6 show microtubules labeled by an
antibody against a-tubulin. Similarly, we can visualize the outer mitochondrial membrane protein
TOM20 by antibody-labeling in the context of the cellular ultrastructure revealed by our pan-
staining (Fig. 2d-f). It is worth pointing out that these antibodies were applied after the expansion
procedure. This approach allows us to take advantage of the molecular decrowding for improved
epitope accessibility and leads to a negligible label size relative to the expanded structure sizes.
Furthermore, Fig. 2h shows a pan-ExM sample labeled with a live-cell small molecule dye,
MitoTracker Orange, which covalently binds to proteins in the matrix of mitochondria. The
MitoTracker Orange staining overlays well with the striped pattern observed in the NHS ester
channel (Fig. 2g, j, k), confirming that the latter represents the mitochondrial matrix. DNA-
intercalating dyes such as SYTOX Green are equally compatible with pan-ExM and label, next to
the nucleus, mitochondrial nucleoids (Fig. 2i, j). The resolution achieved with the used standard

confocal microscope is good enough to reveal the partial exclusion of proteins from the nucleoids
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(as represented by NHS-ester and MitoTracker staining; Fig. 2k) which have been reported to be

about 110 nm in diameter [18].
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Figure 2: pan-ExM is compatible with standard fluorescent labeling techniques. a NHS ester pan-stained Hela
cell. b Anti-a-tubulin  immunostaining in the same area.cOverlay ofaandb.d NHS ester pan-stained
mitochondrion. e Same area as in d, showing anti-TOM20 immunostaining and revealing the outer membrane of the
mitochondrion. f Overlay of d and e. g NHS ester pan-stained mitochondrion. h MitoTracker Orange stain in the
same area. i SYTOX Green stain showing DNA in mitochondrial nucleoids. j Overlay of g—i. k Line profile along the
dashed line shown in j. Representative images from 3 (a—f) and 5 (g—j) independent experiments are shown. | Plot
of root mean square (RMS) error over distance comparing pre- and post-pan-ExM images of microtubules (n =5
cells). The orange line corresponds to the mean and blue error bars correspond to the standard deviation.
Panels a, d, g are displayed with a white-to-black color table. Panels b, e, h, i are displayed with a black-to-white

color table. Scale bars show expansion-corrected values. Scale bars, (a—c) 2 um, (d—f) 1 um, (g—j) 500 nm.

3.2.3. pan-ExM reveals nuclear ultrastructure

Focusing on the cell nucleus, we find that SYTOX Green produces a bright nuclear staining (Fig.
3a—c). Nuclear pore complexes appear as bright spots in the NHS ester pan-staining (also visible
in Fig. 2a) and are clearly correlated with nuclear regions showing reduced SYTOX Green staining
(Fig. 3d-f, j; Supplementary Fig. 7). This observation has been made by EM [19] and super-
resolution microscopy [20] before. Similarly, the SYTOX Green staining is partially excluded
from nucleoli identifiable by their strong NHS ester pan-staining (Fig. 3g—i, k; Supplementary
Fig. 7). Nucleoli subcompartments such as the granular component, fibrillar center, and dense
fibrillar components can easily be resolved [21]. Intriguingly, we can observe areas of strong

nuclear acid staining in close vicinity of, but not overlapping with, the fibrillar components of the
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nucleoli (Fig. 3g-i, k; Supplementary Figs. 7 and 8 show nucleoli in U-20S and HeLa cells,

respectively).
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Figure 3: pan-ExM reveals nuclear ultrastructure in interphase. a Image of NHS ester pan-stained U-20S cell in
interphase. b SYTOX Green nucleic acid stain image of the same area. c Overlay of a and b. d—f Magnified view of the
areas outlined by the yellow boxes in a—c showing amine-rich regions corresponding to nuclear pore complexes
(NPCs) which coincide with circular channels excluding chromatin in the SYTOX Green image. The yellow arrowheads
point at one NPC and the corresponding chromatin channel. g—i Magnified view of the areas outlined by the green
boxes in a—c showing ultrastructural details of a nucleolus. The yellow, green and magenta arrowheads point at the
fibrillar center (FC), the dense fibrillar component (DFC) and the granular component (GC), respectively.
Representative images from 5 (a—i) independent experiments are shown. j Line profile along the dashed line shown
in f. k Line profile along the dashed line shown in i. Panels a, b, d, e, g, h are displayed with a white-to-black color
table. All scale bars are corrected for the determined expansion factor. Scale bars, (a—c) 5 um, (d—f) 250 nm, (g—i),

1pum.

3.2.4. pan-ExM reveals mitotic cell ultrastructure

Labeling a mitotic U-20S cell with a-tubulin antibody and SYTOX Green in addition to our NHS
ester pan-staining, reveals the mitotic spindle with individual filaments resolved within
microtubule bundles (Fig. 4). Interestingly, NHS ester pan-staining appears to boost signal from
a-tubulin antibody labeling, when applied after. This suggests that NHS ester also labels primary
amines on antibodies, offering additional signal amplification. Additionally, kinetochores, easily
identifiable by their association to chromosomes and microtubule ends, become clearly visible by
their bright NHS ester signal (Fig. 4e, f). Individual chromosomes are resolvable in the SYTOX
Green channel revealing fine chromatin fibers extending from the chromosomes (Fig. 4a) which
are consistent with the polymer brush-like architecture model of mitotic chromosomes [22].
Similar chromatin organization can be observed in the mitotic HelLa cell image shown in

Supplementary Fig. 9. Another hallmark structure of cell division, the cleavage furrow, also
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shows strong contrast in NHS ester pan-stained samples, revealing the clearly discernible midbody

and the very dense matrix of the Flemming body (Supplementary Fig. 10).
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Figure 4: pan-ExM reveals mitotic cell ultrastructure. a SYTOX Green channel of a mitotic U-20S cell revealing
chromosomes. b Anti-a-tubulin immunostaining in the same area.cNHS ester pan-staining in the same
area. d Overlay of a—c. e Magnified image of the area outlined by the yellow box in c. f Magnified image of the area
outlined by the green box in d. The yellow arrowheads highlight individual microtubules within microtubule bundles,
the green arrowheads point at kinetochores. Representative images from 3 (a—f) independent experiments. g Line

profile along the dashed line shown in e. h Line profile along the dashed line shown in f. Panels a, c, e are displayed
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with a white-to-black color table. Panel b is displayed with a black-to-white color table. All scale bars are corrected

for the determined expansion factor. Scale bars, (a—d) 2 um, (e, f) 300 nm.

3.2.5. Expansion factor and homogeneity

To determine the achieved linear expansion factors, we imaged SYTOX Green-stained HelLa cell
nuclei in non-expanded samples and samples expanded using our standard protocol (see Methods)
and compared the average nuclear cross-sectional area in both cases. On average, we obtained an
expansion factor of 14.3 +0.9 (mean +s.d.; N =6 experiments; n=21-58 nuclei per experiment;
see Methods and Supplementary Fig. 11b, ¢). We next investigated the homogeneity of the
expansion by imaging three different cellular structures, mitochondria, microtubules, and the
nucleus, before and after expansion. Briefly, we registered the corresponding data sets with a
similarity transform and then registered the similarity-corrected post-expansion image to the pre-
expansion image with a B-spline non-rigid transform to detect local heterogeneities in expansion
[6] (see Methods, Supplementary Fig. 12). Global expansion factors determined by this approach
were 15.6£0.3 (nuclei), 15.8 £ 0.7 (microtubules) and 17.1+0.7 (mitochondria) (n=>5 fields of
view, N = 1 sample, each; Supplementary Fig. 11a) and were largely in agreement with the value
listed above. For structures 820 um apart, we measured root-mean-square (RMS) errors of ~200—
670 nm, corresponding to ~2.5-3.2% of the measurement length (Fig. 21, Supplementary Fig.
12). The determined RMS error distributions are comparable to results published for other
protease-free ExXM methods [9][12]. To investigate if anisotropic stretching during sample
handling contributes to these results, we replaced the similarity transform with an affine transform

(Supplementary Fig. 12). The relative RMS errors dropped as a result to ~1.5-1.7% suggesting
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that mechanical deformations from handling the sample are responsible for about half of the

observed RMS error in the similarity transform data.

3.2.6. Validation of pan-ExM on the nanoscale

pan-ExM clearly can resolve ultrastructural features which are not accessible in conventional
fluorescence microscopy. Figure 5, for example, shows two centrioles in human U-20S cells, one
in a lateral orientation (Fig. 5a—c) and one in an axial orientation (Fig. 5d). We observed that
centrioles, which are massive protein complexes, are labeled very brightly by NHS ester pan-
staining (Supplementary Fig. 13). Not only does pan-ExM reveal the dense hollow barrel
geometry of the centriole but also its subdistal appendages, distal appendages, the nine-fold
symmetry of microtubule triplets (Supplementary Fig. 14), and the pericentriolar material (PCM)
surrounding the centrosome previously identified in EM data [23]. 3D image stacks of the
centrosome (Supplementary Movies 1 and 2) also reveal the centriolar cartwheel structure and
the procentrioles that associate with mature centrioles. When we immuno-labeled
polyglutamylated tubulin, we observed that it labeled the centriolar wall on the central core (Fig.
5¢) in agreement with previous reports [12][24]. Quantifying centriole roundness yielded a value
of 0.91 £0.05 (mean £ s.d.; n = 8; Supplementary Fig. 15a), supporting the nanoscale isotropy of

expansion.
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NHS ester Anti-PolyE

c nt d

NHS ester

Figure 5: pan-ExM reveals ultrastructural details of centrosomes. a Lateral view of a NHS-ester pan-labeled mature
centriole in a pan-ExM processed U-20S cell revealing subdistal appendages (yellow arrowhead). b Anti-
polyglutamate chain (PolyE) immunostaining in the same area revealing three distinct polyglutamylated microtubule
triplets. c Overlay of aand b. d Axial view of a different NHS-ester pan-stained mature centriole revealing
microtubule triplets (yellow arrowhead) and pericentriolar material (PCM) (green arrowhead). Representative
images from 4 (a, d) and 1 (b, c) independent experiments. Panels a, b, d are displayed with white-to-black color

tables. All scale bars are corrected for the determined expansion factor. Scale bars, (a—c) 200 nm, (d) 100 nm.

To further investigate structural preservation of features at the sub-organelle scale, we quantified
the distance between mitochondrial cristae (Fig. 6a, i). The determined expansion-corrected

distance of 85 =22 nm (mean + s.d.) is in good agreement with previously published observations
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in living HeLa cells [25]. We next investigated the preservation of the endoplasmic reticulum (ER)
in HeLa cells. While the ER did not show a characteristic NHS-ester pan-staining that would make
it directly identifiable, we could visualize it by overexpressing ER-membrane localized Sec61p3-
GFP and immunolabeling with an anti-GFP antibody (Fig. 6b—e), a strategy which we have
previously employed successfully in optical super-resolution studies [1][26]. pan-ExM clearly
resolves the two sides of ER tubules using a standard confocal microscope (Fig. 6e) as well as the
inner and outer membrane of the nuclear envelope (Supplementary Fig. 16). The superior optical
resolution of a STED super-resolution microscope applied to these samples reveals distinct
clustering of the antibody staining (Supplementary Fig. 17). The expansion-corrected diameter
of these tubules (47 + 10 nm, mean =+ s.d.; Fig. 6j) was slightly smaller than diameters determined
previously by super-resolution light microscopy of non-expanded COS-7 cells [26] but consistent
with diameters of ER tubules determined by EM [27]. Furthermore, we overexpressed the Golgi
protein mannosidase 11 (Manll) fused to GFP in HelLa cells, labeled it with an anti-GFP antibody
after applying our pan-ExM protocol and imaged it with a STED super-resolution microscope (Fig.
6f-h). It is known that Manll is located primarily in the medial cisternae of the Golgi and, when
overexpressed, also in cis cisternae [1]. Consistent with this observation, we find the Manll stain
to highlight 3 cisternae located at one side of the Golgi stack (Fig. 6f—h). The immunolabeled
Golgi cisternae could be easily discerned by eye and overlaid well with similar structures visible
in the NHS ester pan-channel. Quantifying the distance between neighboring Golgi cisternae
(using conventional confocal data sets) yielded a value of 64 = 16 nm (mean +s.d.; n=193; Fig.

6k), consistent with EM data [28].
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Figure 6: pan-ExM reveals ultrastructural details of cellular organelles. a NHS ester pan-stained mitochondrion in
a NHS ester pan-stained Hela cell. b NHS ester pan-stained Hela cell expressing ER-membrane localized Sec61pB-
GFP. c Anti-GFP label in the same area revealing the ER. d Overlay of a and b. e Magnified image of the area outlined
by the yellow box in b, revealing individual ER tubules clearly resolved as hollow tubules (yellow arrowheads) and a
dense network of ER tubules (green arrowhead). f STED super-resolution image showing an NHS ester pan-stained
Golgi stack in a Manll-GFP expressing Hela cell. The yellow arrowheads show five distinct Golgi cisternae. g Anti-GFP
STED image of the same area. The green arrowheads show three distinct Golgi cisternae. h Overlay of f and g. The
green arrowheads point at Manll GFP-positive Golgi cisternae, the yellow ones at two Manll GFP-negative Golgi
cisternae. Representative images from 11 (a), 2 (b—e), and 3 (f-h) independent experiments. i Distribution of
distances between neighboring mitochondrial cristae (n=123 line profiles, N=4 independent experiments)
calculated from cross-sections like those along the dashed line shown in a. j Distribution of ER tubule diameters
(n =142 cross-sections, N = 2 cells from 1 independent experiment). k Inter-cisternal distance distribution in Golgi
stacks (n =193 line profiles, N =3 independent experiments). Medians and interquartile ranges are shown with
whiskers drawn down to the minimum and maximum values. Means * standard deviations are reported.
Panels a, b, f are displayed with a white-to-black color table. Panels c, e, g are displayed with a black-to-white color
table. All scale bars are corrected for the determined expansion factor. Scale bars, (a) 500 nm, (b—e) 1 um, (f-h)

250 nm.

3.2.7. Polymer entanglement as a mechanism for pan-ExM expansion

We further tested if proteins indeed are retained throughout our sample preparation procedure. For
this purpose, we compared fluorescence signal levels of antibodies applied without expansion and
after one or two expansion steps. The quantification shows no decrease in signal (Supplementary
Fig. 18), suggesting the good protein retention capabilities of our protocol. To further investigate
the protein retention mechanism, we performed an additional experiment comparing structural
preservation of centrioles using our standard protocol and one where we reduced possible Schiff
base groups on proteins with sodium borohydride after denaturation [29]. Schiff bases are formed
as a result of formaldehyde reacting with nucleophiles on proteins and they can react covalently
with acrylamide monomers [30][31]. The denaturation step is located between the polymerization
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of the first gel and the embedding in the second gel. Quenching reactive Schiff bases should
therefore prevent crosslinking between the two gels. Additionally, we refrained from using the
post-fixation step which is applied after the second gel embedding step of the standard protocol,
further reducing possible crosslinking. Supplementary Fig. 15 shows the quantification of
centriole roundness and length/diameter ratios. Centriole roundness between the two conditions
did not differ significantly (p=0.3) and the observed small difference of 15% in the
length/diameter ratio distributions was barely statistically relevant (p=0.047). The lack of
substantial quantitative differences between the two protocols is further supported by the visual
similarity between overview pan-ExM images of HeLa cells expanded following the two different
protocols (compare Supplementary Fig. 19 with Fig. 1c). We conclude that while we cannot
exclude a minor role of crosslinking between the gels, it does not play a major role and
entanglement therefore seems to be the dominating mechanism responsible for the observed

protein retention in pan-ExM.

3.2.8. pan-ExM is compatible with 3D imaging

Importantly, pan-ExM is fully compatible with 3D imaging, as demonstrated by the confocal 3D
image stacks shown in Fig. 7, Supplementary Fig. 20 and Supplementary Movies 3-5. The
intricate structure of the convoluted Golgi ribbon and stacking of multiple cisternae is clearly
revealed at all axial positions even with a conventional confocal microscope (Fig. 7;
Supplementary Fig. 21). This organization has to our knowledge never before been resolved by

conventional light microscopy.
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Figure 7: pan-ExM is compatible with 3D imaging. Images from a 3D image stack featuring the Golgi complex next
to the nucleus in a Hela cell expressing Golgi-localized ManlI-GFP. a, d, g, j NHS ester images at axial positions 0.23,
0.61, 0.84 and 1.18 um, respectively, displayed with a white-to-black color table. b, e, h, k Anti-GFP images of the
same fields of view as a, d, g, j displayed with a black-to-white color table. c, f, i, | Overlay of the NHS ester and anti-
GFP images. Representative images from 5 (a-l) independent experiments. The insets show the zoomed-in yellow
boxes and reveal individual Manll-positive Golgi cisternae. Panels b, e, h, k were corrected for crosstalk (see

Methods). Scale bar and axial positions are corrected for the determined expansion factor. Scale bars (a-l) 2 um.

3.2.9. Differential pan-staining of proteins

One of the unique powers of pan-ExM is its capability to reveal the compartmentalization of
biomolecule classes identifiable by a particular pan-staining such as NHS ester. Pan-stainings are,
however, not restricted to NHS ester and other pan-stainings should show different distributions.
For example, using metabolic incorporation of palmitic acid azide, one can use alkyne dyes to
label palmitoylated proteins post-expansion (Supplementary Fig. 4c). Given that these proteins
are insoluble in water, we expect an enriched staining in the vicinity of lipid membranes in the
cell. Performing this experiment indeed produced a strong signal at the location of the plasma
membrane and membrane-bound organelles (Fig. 8; Supplementary Fig. 22). Both labels are
strongly enriched on structures resembling clathrin-coated pits (inset in Fig. 8c). The difference in
the mitochondrial staining patterns between palmitate and NHS ester pan-stainings is particularly
striking (Fig. 8i; Supplementary Fig. 22f). We note that this pattern is not visible in non-expanded
cells pan-stained with the same labels (Supplementary Fig. 22c), emphasizing the role of

molecular de-crowding in revealing the spatial compartmentalization of protein classes.

As another example of a pan-staining, we tested dye-conjugated maleimide (Supplementary Fig.

4b) which can reveal cellular domains with high cysteine-rich protein content. Supplementary
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Figs. 23 and 24 show that the maleimide staining highlights in particular the Golgi complex, most
likely due to the high levels of palmitoyltransferases in the Golgi which have cysteine-rich
domains [32]. The combination with NHS ester labeling (Fig. 1f and Supplementary Fig. 23)
shows intriguing patterns of differential staining which provide information well beyond the
monochromatic, EM-like contrast achievable with a single pan-staining - analogous to

Haemotoxylin and Eosin (H&E) staining but on the nanoscale.
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Figure 8: Differential pan-staining reveals compartmentalized palmitate distribution. a NHS ester pan-stained Hela
cell. b Palmitate pan-staining corresponding to the same area as shown in a. c Overlay of a and b. The area in the
yellow box is shown in the inset and reveals a vesicular structure resembling a clathrin-coated pit. The yellow
arrowhead points at the palmitate-rich nuclear envelope. The green arrowhead points at a tubular structure
resembling an ER tubule near a mitochondrion. d NHS ester pan-stained Hela cell. e Palmitate pan-staining
corresponding to the same area as shown in d. f Overlay of d and e. The area in the yellow box is shown in the inset
and reveals ER tubules (yellow arrowhead).gNHS ester pan-stained image of a Hela cell showing
mitochondria. h Palmitate pan-staining corresponding to the same area as shown in g. The yellow arrowhead points
at a mitochondrial crista with two palmitate-rich membranes. i Overlay of g and h. The yellow arrowheads point at
mitochondrial cristae and the green arrowheads point at tubule-like structures resembling ER tubules. j NHS ester
pan-stained image of a Hela cell showing a Golgi stack. k Palmitate pan-staining corresponding to the same area as
shown inj. | Overlay of jand k. The yellow arrowhead points at a palmitate-rich Golgi cisterna. Representative
images from 2 (a-l) independent experiments. Panels a, b, d, e, g, h, j, k are displayed with a white-to-black color
table. Yellow scale bars are not corrected for the expansion factor. Scale bars, (a—c) 30 um, (d—f) 50 um, (g—i) 20 um,

(j=1) 10 pm.

3.3. Discussion

The data presented here demonstrates, from our perspective, pan-ExM’s potential to revolutionize
light microscopic imaging of cellular structures. pan-ExM combines, (i), 13 to 21-fold linear
expansion (obtained through iterative expansion), and (ii), protein retention through direct
anchoring of proteins to the first hydrogel and transfer of entrapped proteins to the final expansion
hydrogel by polymer chain entanglement. While these individual techniques have demonstrated
merit, we see their true power in their combination with labeling the whole proteome: staining the
cell with NHS ester dyes shifts from a largely pointless exercise in a non-expanded cell (Fig. 1a)
to a technique with EM-like contrast, capable of revealing nanoscopic structural hallmarks that
allow users to identify organelles without the need for specific staining (Fig. 1c, Supplementary
Figs. 22, 23, 24). While the obtained resolution does not reach the level of EM, its straightforward

combination with single, or multiple, specific labels stands in stark contrast to the complex
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protocols of immuno-gold EM or CLEM. Our sample preparation is completed in a few days;
subsequent imaging takes less than a minute (2D image) to tens of minutes (3D data set;
Supplementary Movie 2) per cell on a conventional light microscope. We anticipate that light-
sheet microscopes or other instruments optimized for ExM [33] will accelerate future pan-ExM

data acquisition substantially.

We have shown here, using anti-GFP, anti-a-tubulin, anti-PolyE and anti-TOMZ20 antibodies, that
pan-ExM is compatible with immunolabeling. However, some antibodies we tested did not work
as they were not compatible with glutaraldehyde fixation or protein denaturation. We anticipate
that this caveat can be overcome in the future by (i) focusing on antibodies which have been shown
to work well in western blots due to the commonality of the denaturing step and (ii) developing
fixation protocols that preserve ultrastructure without compromising protein epitope integrity. We
ruled out the possibility that base hydrolysis of DHEBA crosslinker, necessary for the dissolution
of the first and second hydrogels, has a detrimental effect on antibody labeling efficiency. We
incubated a once-expanded sample prepared with the non-hydrolyzable crosslinker N,N’-
Methylenebisacrylamide (BIS) with sodium hydroxide for 1 h prior to antibody labeling and found
no significant decrease in anti-a-tubulin and anti-TOM20 signal compared to a control sample. We
also validated that the treatments used to cleave other commercially available crosslinkers (e.g.,
N,N’-Diallyltartramide (DATD) and N,N’-Bis(acryloyl)cystamine (BAC); Supplementary Fig.
25) do not decrease antibody labeling efficiency. These alternative crosslinkers could be used for

additional rounds of expansion in the future.

Resolution can be best evaluated by the structures that can be resolved. The presented examples
demonstrate that we consistently resolve structures that were only about 30—100 nm apart pre-

expansion. The lateral resolution of the used confocal microscope is in the 250—300 nm resolution
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range using a high-numerical aperture objective. Correcting this value by the measured expansion
factors of ~13-21, suggests an effective expansion-corrected PSF size of 12-23 nm. Labeling
samples post expansion, as usually done in our protocol, has the advantage that the label size plays
essentially no role: a primary and secondary antibody pair spans at maximum a distance of 25 nm.
Correcting the final image by the expansion factor shrinks this distance down to less than 2 nm.
Overall, we therefore believe that it is safe to assume that the achievable lateral resolution of pan-
ExM in combination with a high-end confocal microscope is in the 20-30 nm range. Combined
with STED microscopy, this resolution can shrink by another factor of ~5 [26]. As shown in
Supplementary Fig. 26, this increase in resolution allows, for example, to not only resolve
individual cristae but to distinguish the two sides of a single crista with a light microscope. The
practical limit on resolution is therefore currently not the optical resolution or the global expansion
factor, but our limited understanding of the expansion factor on the molecular size scale. It remains
to be investigated down to which size scale structures are preserved in pan-ExM. Based on our
protocol, we expect that proteins lose their tertiary structure and unfold at least partially during the
sample preparation process. At the tens-of-nanometer scale, our data shows that microtubules,
centrioles, and membrane-bound organelles such as mitochondria, the Golgi complex and the ER
are represented well after expansion. On the other extreme: lipid droplets, having a lipid core, are
dissolved by the used detergents, leaving only a shadow image of their former shape. Future
systematic studies, refinements to the protocols and engineered probes, such as cross-linkable lipid
labels [34][35] and reversible protein crosslinking reagents, will answer these questions and

promise further improvements.

On the positive side, pan-ExM leads to substantial molecular decrowding (~163 =~ 4000-fold by

volume) of the sample. This effect is key to pan-ExM’s success: the average distance of 3 nm
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between proteins in the native cell becomes about 50 nm after expansion and the space in between
proteins becomes easily accessible by probes even as large as antibodies (6—12 nm in size).
Furthermore, the expansion protocol most likely disrupts protein clusters through denaturation,

revealing previously inaccessible binding sites.

It is worth pointing out that, in contrast to optical super-resolution microscopy techniques which
are ultimately limited in resolution by the size of the fluorescent labels, EXM is not constrained by
label-size (if labeling is applied after expansion). Moreover, problems with labeling density which
are a major limitation in optical super-resolution microscopy get alleviated: steric hindrance and
fluorescence quenching in densely labeled samples become essentially irrelevant after 13- to 21-
fold expansion. On the contrary, the created gaps between endogenous molecules provide space

for potential biochemical amplification of the label [36], boosting the sensitivity of the technology.

The fact that many organelles can easily be identified by eye through their characteristic NHS ester
stain suggests that pan-ExM is well-suited for automated segmentation and classification
algorithms to identify organelles of interest. Training of machine learning algorithms can be
facilitated by additional imaging channels showing specific stains of the target organelle, for

example MitoTracker for mitochondria, during the learning phase.

The pan-staining approach can be easily generalized to many sub-proteomes. We have
demonstrated NHS ester, maleimide, and palmitate pan-stainings in this work (Supplementary
Fig. 4). Other options could include phosphorylated and glycosylated proteins. We believe that the
combination of two or more of these pan-stainings has great potential for automated segmentation
of organelles and other subcellular structures of interest, and can also reveal how different sub-
proteomes are distributed in the cell. We emphasize that the success of our pan-staining approach

fundamentally benefits from two key strengths: high levels of protein retention and molecular
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decrowding provide access to large numbers of target sites; high levels of expansion offer the

effective spatial resolution required to identify structures and their cellular context.

3.4. Methods

General comments

Please see Supplementary Tables 1-3 for an overview of the reagents and materials used in this

work.

Coverslip preparation

Before plating HeLa or U-20S cells, 12-mm round glass coverslips (Electron Microscopy
Sciences, catalog no. 72230-01) were cleaned in a sonic bath (Bronson) submerged in 1 M KOH
(Macron Fine Chemicals; catalog no. 6984-04) for 15 min and then rinsed with MilliQ water three
times. Glass was then sterilized with 100% ethanol, incubated with 5 pg/mL fibronectin (Sigma-
Aldrich, catalog no. F1141) for 30 min, and rinsed with sterile phosphate-buffered saline (PBS;

Gibco, catalog no. 10010023) before adding media and cells.

Cell culture

HelLa and U-20S cells were grown in Dulbecco’s modified Eagle medium (DMEM; Gibco,
catalog no. 21063029), supplemented with 10% fetal bovine serum (FBS; Gibco, catalog no.
10438026), and 1% mL/L penicillin-streptomycin (Gibco, catalog no. 15140122) at 37 °C with
5% CO2. Cells were passaged twice to three times a week and used between passage number 2

and 20. Passaging was performed using 1x PBS and 0.05% Trypsin-EDTA (Gibco, catalog no.
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25300054). Approximately 24 h before fixation, cells were seeded on fibronectin-coated glass

coverslips at ~65,000 cells per well.

Plasmids

For labeling the medial Golgi in HeLa cells, GFP-Manll was expressed. GFP-Manll was made
from pEGFP-N1 (Takara Bio Inc.) to include amino acids 1-137 of mouse MAN2A1 fused to GFP,
such that GFP is expressed in the Golgi lumen. For labeling the ER membrane in HelLa cells,
mEmerald-Sec61-C-18 was expressed. mEmerald-Sec61-C-18 was a gift from the late Michael
Davidson (Florida State University, Tallahassee, FL; Addgene plasmid # 54249; referred to as

GFP-Sec61p).

Transfection

GFP-Manll and GFP-Sec61p expression in HeLa cells used DNA transfection by electroporationl.
DNA was introduced into the cells using a NEPA GENE electroporation device. Approximately 1
million cells were rinsed in Opti-MEM (Gibco, catalog no. 31985070) and then resuspended in
Opti-MEM with 10 ug DNA in an electroporation cuvette with a 2-mm gap (Bulldog Bio, catalog
no. 12358346). Cells were electroporated with a poring pulse of 125 V, 3-ms pulse length, 50-ms
pulse interval, 2 pulses, with decay rate of 10% and + polarity; followed by a transfer pulse of
25V, 50-ms pulse length, 50-ms pulse interval, 5 pulses, with a decay rate of 40% and + polarity.
After electroporation, the cells were seeded on fibronectin-coated coverslips (see Coverslip

preparation). Samples were fixed 24-36 h after electroporation.

MitoTracker orange staining
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Live HeLa cells were incubated with 0.5 uM of MitoTracker Orange CMTMRos (Invitrogen,
catalog no. M7510) for 30 min at 37 °C and 5% CO2. Next, the cells were washed three times with

cell media and fixed immediately after.

Cell fixation

Cells were fixed with 3% formaldehyde (FA) and 0.1% glutaraldehyde (GA) (Electron Microscopy
Sciences, catalog nos. 15710 and 16019, respectively) in 1x PBS for 15 min at RT. Samples were
rinsed three times with 1x PBS and processed according to the pan-ExM protocol immediately

after.

pan-ExM reagents

Acrylamide (AAm; catalog no. A9099), N,N'-(1,2-dihydroxyethylene)bisacrylamide (DHEBA;
catalog no. 294381), N,N’-Cystaminebisacrylamide (BAC; catalog no. 9809) were purchased from
Sigma-Aldrich. Three different batches of sodium acrylate (SA) were used. The first batch (catalog
no. 408220, lot no. MKCF0390) was purchased from Sigma-Aldrich. The second and third batches
(catalog no. sc-236893C, lot nos. H3019 and L0619) were purchased from Santa Cruz
Biotechnology. We noticed significant batch-to-batch variability in SA purity. To verify that SA
was of acceptable purity, 38% (w/v) solutions were made in water and checked for quality [37].
Only solutions that were light yellow were used. Solutions that were yellow and/or had a
precipitate were discarded. N,N’-methylenebis(acrylamide) (BIS; catalog no. J66710) was
purchased from Alfa Aesar. Ammonium persulfate (APS; catalog no. AB00112), N,N,N’,N’-
tetramethylethylenediamine (TEMED; catalog no. AB02020), tris [hyroxymethyl] aminomethane

(Tris; catalog no. AB02000), and 20% sodium dodecyl sulfate solution in water (SDS; AB01922)
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were purchased from American Bio. Sodium chloride (NaCl; catalog no. 3624-01) was purchased

from J.T. Baker.

pan-ExM gelation chamber

The gelation chamber was constructed using a glass microscope slide (Sigma-Aldrich, catalog no.
S8400) and two spacers, each consisting of a stack of two no. 1.5 22 x 22 mm coverslips (Fisher
Scientific, catalog no. 12-541B), were glued with superglue to the microscope slide on both sides
of the cell-adhered coverslip, with the cell-adhered coverslip glued in between. A no. 1.5
22 x 22 mm coverslip was used as a lid after adding the gel solution. This geometry yielded an

initial gel thickness size of ~170 pm.

First round of expansion

HelLa and U-20S cells, previously fixed as described in the Cell fixation section, were incubated
in post-fix solution (0.7% FA + 1% AAm (w/v) in 1x PBS) for 6-7 h at 37 °C. Next, the cells were
washed twice with 1x PBS for 10 min each on a rocking platform and embedded in the first
expansion gel solution (19% (w/v) SA +10% AAm (w/v) + 0.1% (w/v) DHEBA + 0.25% (v/v)
TEMED + 0.25% (w/v) APS in 1x PBS). Gelation proceeded first for 15 min at room temperature
(RT) and then 1.5h at 37 °C in a humidified chamber. Coverslips with hydrogels were then
incubated in ~1 mL denaturation buffer (200 mM SDS + 200 mM NaCl + 50 mM Tris in MilliQ
water, pH 6.8) in 35 mm dishes for 15 min at RT. Gels were then transferred into denaturation
buffer-filled 1.5 mL Eppendorf tubes and incubated at 73 °C for 1 h. Next, the gels were placed in
petri dishes filled with MilliQ water for the first expansion. Water was exchanged at least twice
every 1 h and then the gels were incubated overnight in MilliQ water. Gels expanded between 3.8x

and 4.5% according to SA purity (see Reagents).
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Re-embedding in neutral hydrogel

Expanded hydrogels were incubated in a fresh re-embedding neutral gel solution (10% (w/v) AAm
+ 0.05% (w/v) DHEBA +0.05% (v/v) TEMED + 0.05% (w/v) APS in 1x PBS) three times for
20 min each on a rocking platform at RT. Immediately after, residual gel solution was removed by
extensive but gentle pressing with Kimwipes. The gels were then sandwiched between two pieces
ofno. 1.5 coverslips and incubated at 37 °C for 1.5 h in a nitrogen-filled humidified chamber. Next,
the gels were detached from the coverslip and washed three times with 1x PBS for 30 min each on
a rocking platform at RT. Gels were incubated in post-fix solution (0.7% FA + 1% (w/v) AAm in
1x PBS) for 15 min at RT and then for 6-9 h at 37 °C. The gels were subsequently washed three

times with 1x PBS for 30 min each on a rocking platform at RT.

Second round of expansion

Re-embedded hydrogels were incubated in a fresh second hydrogel gel solution (19% (w/v)
SA +10% AAm (w/v) + 0.1% (w/v) BIS + 0.05% (v/v) TEMED + 0.05% (w/v) APS in 1x PBS)
four times for 15 min each on a rocking platform on ice. Immediately after, residual gel solution
was removed by extensive but gentle pressing with Kimwipes. The gels were then sandwiched
between two pieces of no. 1.5 coverslips and incubated at 37 °C for 2 h in a humidified nitrogen-
filled chamber. To dissolve DHEBA, gels were incubated in 0.2 M NaOH for 1 h on a rocking
platform at RT. Gels were next detached from the coverslip and washed three times with 1x PBS
for 30 min each on a rocking platform at RT. Subsequently, the gels were labeled with antibodies
and pan-stained with NHS ester dyes. Finally, the gels were placed in petri dishes filled with MilliQ
water for the second expansion. Water was exchanged at least twice every 1 h at RT, and then the

gels were incubated overnight in MilliQ water. Gels expanded between 3.8x and 4.0x according
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to SA purity (see Reagents) for a final expansion factor of 13x to 20x. Note that for the ER images
shown in Fig. 6b—e, the cleavable crosslinker BAC was used instead of BIS at a concentration of

0.1% (w/v).

Antibody labeling post-expansion

For microtubule samples, gels were incubated for 24 h with monoclonal mouse anti-a-tubulin
antibody (DM 1a; Sigma-Aldrich, catalog no. T6199) diluted to 1:250 in antibody dilution buffer
(2% (w/v) BSA in 1x PBS). For mitochondria samples, gels were incubated for 24 h with rabbit
anti-TOMZ20 antibody (Abcam, catalog no. ab78547) diluted to 1:250 in antibody dilution buffer.
For centriole samples, gels were incubated for 24 h with rabbit polyclonal anti-polyglutamate chain
(PolyE) antibody (Adipogen, catalog no. AG-25B-0030-C050) in antibody dilution buffer. For
both Golgi and ER samples, gels were incubated for 36—40 h with polyclonal rabbit anti-GFP
antibody (Invitrogen, catalog no. A11122) diluted to 1:250 in antibody dilution buffer. All primary
antibody incubations were performed on a rocking platform at RT. Gels were then washed in PBS-
T (0.1% (v/v) Tween 20 in 1x PBS) three times for 20 min each on a rocking platform at RT. Next,
microtubule samples were incubated for 24 h with ATTO647N-conjugated anti-mouse antibodies
(Sigma-Aldrich, catalog no. 50185) diluted to 1:250 in antibody dilution buffer, while
mitochondria, ER, Golgi, and centriole samples were incubated for 24 h at RT with ATTO647N-
conjugated anti-rabbit antibodies (Sigma-Aldrich, catalog no. 40839) diluted to 1:250 in antibody
dilution buffer. All secondary antibody incubations were performed on a rocking platform at RT.
The gels were subsequently washed in PBS-T three times for 20 min each, rinsed one time with
1x PBS, and stored in PBS at RT until subsequent treatments. Note that bovine serum albumin
(BSA; catalog no. 001-000-162) was purchased from Jackson ImmunoResearch and Tween 20
(catalog no. P7949) was ordered from Sigma-Aldrich.
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NHS ester pan-staining post-expansion

After antibody labeling, gels were incubated for 1.5 h with either 20 pug/mL NHS ester-ATTO594
(Sigma-Aldrich, catalog no. 08741), 20 ug/mL NHS ester-ATTO532 (Sigma-Aldrich, catalog no.
88793) or 200 uM NHS ester-DY634 (Dyomics, catalog no. 634-01 A), dissolved in 100 mM
sodium bicarbonate solution (Sigma-Aldrich, catalog no. SLBX3650) on a rocking platform at RT.
The gels were subsequently washed three to five times in either 1x PBS or PBS-T for 20 min each
on arocking platform at RT. Note that for the experiment where we compared HelLa cells expanded
never, once, or twice (Fig. 1), the same concentration of NHS ester-ATTO594 and labeling

conditions were used.

Palmitate pan-staining

Live 80%-confluent HeLa cells were incubated with 50 uM azide-functionalized palmitate
(Thermofisher, catalog no. C10265) diluted in delipidated medium (DMEM + 10% charcoal-
stripped FBS; Thermofisher, catalog no. A3382101) for 5 h at 37 °C and 5% CO2. Next, the cells
were fixed with 3% FA +0.1% GA in 1x PBS for 15 min at RT and processed according to pan-
ExXM protocols. Prior to NHS ester staining, CUAAC (Copper(l)-catalyzed Azide-Alkyne
Cycloaddition) was performed using the Click-iT Protein Reaction Buffer Kit (Thermo Fisher,
catalog no. C10276) according to manufacturer instructions. Alkyne-functionalized ATTO590 dye
(Sigma-Aldrich, catalog no. 93990) was used at a concentration of 5 uM. After CuAAC, the gels
were washed three times with 2% (w/v) delipidated BSA (Sigma Aldrich, catalog no. A4612) in

1x PBS for 20 min each on a rocking platform at RT.

Maleimide pan-staining post-expansion
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pan-ExM processed gels were reduced with 50 mM Tris(2-carboxyethyl)phosphine hydrochloride
solution (TCEP) (Sigma-Aldrich, catalog no. 646547) in 1x PBS for 30 min at RT and
subsequently incubated for 1.5 h in an inert environment with 20 pg/mL maleimide-ATTO594
(Sigma-Aldrich, catalog no. 08717) dissolved in deoxygenated 150 mM Tris-Cl pH 7.4 solution.
The gels were then washed three times in either 1x PBS or PBS-T for 20 min each on a rocking

platform at RT.

SYTOX Green staining post-expansion

pan-ExM processed gels were incubated with SYTOX Green (Invitrogen, catalog no. S7020)
diluted 1:3,000 in calcium- and magnesium-free HBSS buffer (Gibco, catalog no. 14170112) for
30 min on a rocking platform at RT. The gels were then washed three times with PBS-T for 20 min

each on a rocking platform at RT.

pan-ExM sample mounting

After expansion, the gels were mounted on Poly-L-Lysine-coated glass-bottom dishes (35 mm; no.
1.5; MatTek). A clean 18-millimeter diameter Poly-L-Lysine-coated coverslip (Marienfeld,
catalog no. 0117580) was put on top of the gels after draining excess water using Kimwipes. The
samples were then sealed with a two-component silicone glue (Picodent Twinsil, Picodent,
Wipperfirth, Germany). After the silicone mold hardened (typically 15-20 min), the samples were
stored in the dark at RT until they were imaged. Note that gels imaged with an oil objective were

incubated overnight in 30% glycerol (Teknova, catalog no. G1797) prior to mounting.

Image acquisition
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Confocal and STED images were acquired using a Leica SP8 STED 3X equipped with a SuperK
Extreme EXW-12 (NKT Photonics) pulsed white light laser as an excitation source and a Onefive
Katana-08HP pulsed laser as depletion light source (775-nm wavelength). All images were
acquired using either a HC PL APO 63x/1.2 water objective, HC PL APO 86x/1.2 water CS2
objective, HC PL APO 63x%/1.40-0.60 oil objective, ora HC PL APO 100%/1.40 NA oil immersion
CS2 objective. Application Suite X software (LAS X; Leica Microsystems) was used to control
imaging parameters. ATTO532 was imaged with 532-nm excitation. ATTO594 was imaged with
585-nm excitation and 775-nm depletion wavelengths. ATTO647N was imaged with 647-nm
excitation and 775-nm depletion wavelengths. DY634 was imaged with 634-nm excitation.
SYTOX Green and MitoTracker Orange were excited by 488-nm and 555-nm excitation light,

respectively.

Widefield images to measure protein retention were obtained with a Leica tissue culture
microscope (DM IL LED FLUO) equipped with a 10%/0.22 NA air objective. An Andor Clara

CCD camera operated by MicroManager was used to record images.

Protein retention assay

HeLa cells were transfected with either GFP-Manll or GFP-Sec61f and plated at 75,000 cells per
12-mm fibronectin-coated glass coverslip. Non-expanded cells from the same experiment were
stored in 1x PBS at 4 °C after fixation and were permeabilized with 0.1% Triton X-100 (Sigma-
Aldrich, catalog no. T8787) in 1x PBS prior to antibody labeling. All non-expanded, once- and
twice-expanded samples were subjected to the same antibody labeling scheme described in
Antibody labeling post-expansion. However, ATTO594-conjugated anti-rabbit antibodies (1:250;

Sigma-Aldrich, catalog no. 77671) were used instead of ATTO647N-conjugated antibodies.
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Additionally, samples were stained with SYTOX Green as described in SYTOX Green staining
post-expansion. All samples were imaged in deionized water with a widefield Leica tissue culture
microscope (DM IL LED FLUOQ) using a 10x/0.22 NA air objective (see Image Acquisition) and

the same LED light intensity.

To measure protein retention in the first expansion step, we compared the total fluorescence signal
(TES) of ATTO594 between non-expanded and once expanded cells expressing GFP-Sec61p and
immunolabeled against GFP. Since the ER spreads throughout the whole cytoplasm, TFS for these
samples was quantified by measuring the total background-corrected mean fluorescence signal per
field of view and dividing it by the number of cells in the field of view. Cells were counted based
on the SYTOX Green nuclear staining using FIJI’s 3D Objects counter. Cell numbers were
manually corrected for nuclei which were so close that the automatic segmentation merged them
into single objects (typically the case for 5-20% of the nuclei). Background levels were determined
by averaging the signal determined in a manually selected area containing no cells. 5 fields of view
containing between 419 and 653 cells each were analyzed for non-expanded samples; 10 fields of

view containing 21-58 cells each were analyzed for samples expanded once.

Because signal-to-background levels dropped to values too low to provide reliable results using
the described method for the ER staining in samples expanded twice, we chose a different approach
using more localized labeling of the Golgi complex for these samples. To measure protein retention
in the second expansion step, we compared the TFS of ATTO594 between once-expanded and
twice-expanded cells expressing GFP-Manll and immunolabeled against GFP. TFS for these
samples was quantified by multiplying the manually identified total area occupied by stained Golgi
stacks in every cell with the background-corrected mean fluorescence signal in that area.

Background levels were determined by averaging the signal determined in a manually selected
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area within a cell containing no GFP-Manll signal. 60 cells in 10 fields of view were analyzed for
samples expanded once and 67 cells in 45 fields of view were analyzed for samples expanded
twice. For all measurements, TFS was corrected for the different camera exposure times used.
Images were processed using FlJI/ImageJ software. Results are summarized in Supplementary

Fig. 18.

Image processing

Images were visualized, smoothed, and contrast-adjusted using FI1JI/ImageJ or Imspector software.
STED and confocal images were smoothed for display with a 0.5 to 1-pixel sigma Gaussian blur.
Minimum and maximum brightness were adjusted linearly for optimal contrast. The TOM20 data
set (Fig. 2d—f) was corrected for bleedthrough of the NHS ester channel by subtracting a constant
fraction of the latter from the former using Imspector. The confocal Manll (Fig. 7) and mitotic cell
NHS ester (Supplementary Fig. 9) data sets were corrected for bleedthrough of the NHS ester
and SYTOX Green channels respectively by subtracting a constant fraction of the latter from the

former using the Image Expression Parser tool in FIJI.

Cristae and Golgi inter-cisternal distance measurements were performed using FIJI. 10-pixel thick
line profiles were taken approximately perpendicular to the cristae and Golgi stack orientations
and peak-to-peak distances were extracted from the profiles. For mitochondrial cristae, 123 line
profiles were drawn from 4 independent experiments. For Golgi inter-cisternal distance
measurements, 193 line profiles were drawn from 3 independent experiments. The diameter of ER
tubules was determined in FI1JI using the Point Tool by manually measuring two positions arranged
perpendicular to the orientation of clearly discernible tubules and located at the crests of the signal

denoting each side of the tubule. The Euclidean distance between them was used as a measure of
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the ER tubule diameter. For this measurement, 142 ER tubule widths were extracted from 2 cells

in 1 sample. Results are summarized in Fig. 6i—k.

All line profiles were extracted from the images using the Plot Profile tool in FI1JI/ImageJ.

Expansion factor calculation

Images of HeL a cell nuclei in non-expanded and pan-ExM expanded samples stained with SYTOX
Green (1:3,000) were acquired with a Leica SP8 STED 3X microscope using a HCX PL Fluotar
10x/0.30 dry objective. Average nuclear cross-sectional areas were determined using FIJI/Imagel]
software. To calculate the expansion factor, the average nuclear cross-sectional area in pan-ExM
samples was divided by the average nuclear cross-sectional area of non-expanded samples. The
square root of this ratio represents an estimate of the linear expansion factor. Results are

summarized in Supplementary Fig. 11c.

Expansion homogeneity calculation

To compare nuclei, mitochondria, and microtubules pre- and post-expansion, U-20S cells were
cultured as specified in Cell culture and live-labeled with MitoTracker Orange as described in
MitoTracker Orange staining. After fixation with 3% FA + 0.1% GA in 1x PBS for 5 min at RT,
cells were incubated in post-fix solution (0.7% FA + 1% (w/v) AAm in 1x PBS) for 7 h at 37 °C,
permeabilized with 0.1% Triton X-100 in 1x PBS for 5 min on a rocking platform at RT, and
labeled with a mouse monoclonal anti-a-tubulin antibody (MT antibody 1; Sigma-Aldrich, catalog
no. T5168) diluted in cell antibody dilution buffer (1% (w/v) BSA + 0.2% TX-100 in 1x PBS) for
1 h on a rocking platform at RT. They were then washed three times with wash buffer (0.05% TX-
100 in 1x PBS) for 5min each, labeled with ATTO647N-conjugated anti-mouse antibodies

(Sigma-Aldrich, catalog no. 50185) diluted to 1:1,000 in cell antibody dilution buffer for 1 h on a
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rocking platform at RT, and stained with Hoechst (abcam, catalog no. ab228551) diluted to
1:10,000 in 1x PBS for 20 min on a rocking platform at RT. The samples were next washed three

times with wash buffer for 5 min each and rinsed with 1x PBS.

Pre-expansion image stacks of nuclei (Hoechst), mitochondria (MitoTracker Orange), and
microtubules (MT antibody 1) were acquired. The cells were then immediately processed with
pan-ExM protocol. For post-expansion microtubule labeling, gels were labeled with a different
mouse monoclonal anti-a-tubulin antibody (MT antibody 2; Sigma-Aldrich, catalog no. T6199)
diluted 1:250 in antibody dilution buffer (2% (w/v) BSA in 1x PBS) for 6hat 37°Cand 6 hon a
rocking platform at RT, washed three times with PBS-T for 20 min each, and labeled with the same
ATTO647N-conjugated anti-mouse antibodies as above. Gels were then stained with SYTOX
Green dye diluted 1:3,000 in calcium- and magnesium-free HBSS buffer for 45 min on a rocking
platform at RT, washed three times with PBS-T for 30 min each at 37 °C, and expanded in MilliQ
water as described above. Post-expansion image stacks of nuclei (SYTOX Green), mitochondria
(MitoTracker Orange), and microtubules (MT antibody 2) were acquired. Maximum projection
images of corresponding pre- and post-expansion image stacks were generated with the
FIJI/Image] z projection tool. Additionally, post-expansion images of mitochondria and
microtubules were despeckled and masks were created manually to exclude regions of no features

for microtubule samples.

To determine spatial sample distortion, post-expansion images were smoothed with a 2-pixel
Gaussian blur and first registered to the pre-expansion image of the same field of view with either
a similarity transform (uniform scaling, rotation, and translation) or an affine transform (scaling,
shear, rotation, and translation). FIJI TurboReg plugin was used for this initial registration. The

similarity- and affine-registered post-expansion images were registered again to the pre-expansion
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images with a B-spline-based non-rigid registration package in Matlab [8]. The similarity measure
(error) was set to squared pixel distance and the penalty of registration was set to 1e-1 (nuclei
images) or 1e-2 (mitochondria and microtubule images). Using the deformation vector field from
the output B-spline transformation parameters, the root mean square (RMS) error of expansion
was calculated across different distance measurements. The deformation field was applied to the
coordinates of either a binary outline of the pre-expansion image (nuclei images) or its binary
skeleton (mitochondria and microtubule images). The distance between every two pairs of points
in the pre-expansion image binary image (d_i) and the corresponding deformed coordinates
(d_def) were calculated. The RMS error is the absolute difference of these distance measurements
(RMS =abs(d_def - d_i)). RMS error was calculated for every combination of points across
distances of 20 um (nuclei images), 10 um (mitochondria images), and 8 um (microtubule
images). For nuclei, 5 cells in 5 fields of view were analyzed. For mitochondria, 14 fields of view
in 5 cells were analyzed. For microtubules, 5 fields of view in 4 cells were analyzed. Results are

summarized in Supplementary Fig. 12.

To quantify the expansion factor of nuclei, mitochondria, and microtubules. Similarity-registered
post-expansion images and the corresponding pre-expansion images were cropped using four
manually-identified landmark features in both images. To determine the expansion factor, the area
of the cropped post-expansion image was divided by the area of the cropped pre-expansion image.
The square root of this ratio represents the linear expansion factor. Results are summarized in

Supplementary Fig. 11.

pan-ExM modified protocol
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To test whether the mechanism of the second expansion is primarily polymer entanglement or
chemical crosslinking between the sample and the final expansion hydrogel, a modified pan-ExM
protocol was developed. After denaturation (Step 3, Supplementary Fig. 1), possible reactive
Schiff base groups on proteins that may react covalently with acrylamide monomers were
quenched by incubating the gels in 0.1% sodium borohydride (Sigma-Aldrich, catalog no. 452882)
in 1x PBS for 7min at RT followed by an incubation with 100 mM glycine (Sigma-Aldrich,
catalog no. G8898) in 1x PBS for 10 min at RT. Additionally, the second post-fixation step (Step
7, Supplementary Fig. 1) was omitted to prevent crosslinking of the sample to the second

expansion hydrogel. The remaining steps are identical to the original protocol.

Centriole roundness quantification

Image stacks of PolyE-labeled U-20S mature centrioles were acquired by confocal microscopy
and axial-view centriole image stacks were selected for quantification. Volume Viewer plugin in
FI1JI was used to align image stacks that were not perfectly axial. Manually selected images of the
distal region were smoothed with a 1-pixel Gaussian blur and converted to binary using automatic
thresholding in FIJI. Using the shape descriptor tool in FIJI, centriole roundness was measured for
both post-fixed centrioles (standard protocol; n =7 centrioles) and quenched/no post-fix centrioles
(pan-ExM modified protocol; n= 8 centrioles). Results are summarized in Supplementary Fig.

15.

Centriole length-to-width calculation

Image stacks of PolyE-labeled and NHS ester pan-stained mature centrioles were acquired by
confocal microscopy and lateral view image stacks were selected for quantification. Similarly as

above, Volume Viewer plugin in FIJI was used to align image stacks that were not perfectly lateral.
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To compare the length-to-width ratio of centrioles, 5-pixel thick line profiles of NHS ester pan-
staining along the length of the centrioles were drawn to measure centriolar length, and 5-pixel
thick line profiles of PolyE staining along the width of the centriole were drawn to measure
centriolar width. The peak-to-peak distances were extracted from these profiles and the ratio is the
centriole length-to-width ratio12. This ratio was measured for both post-fixed centrioles (standard
protocol; n=17 centrioles) and quenched/no post-fix centrioles (pan-ExM modified protocol;

n =22 centrioles). Results are summarized in Supplementary Fig. 15.

Measurement of antibody labeling efficiency

To test whether the treatments required to dissolve several common cleavable crosslinkers
(Supplementary Fig. 27) play a role in reducing post-expansion antibody labeling efficiency, four
U-20S cell samples live-labeled with MitoTracker Orange as described in MitoTracker Orange
staining were expanded once (Steps 1-5, Supplementary Fig. 1) using a hydrogel prepared with
0.1% (w/v) BIS (instead of 0.1% (w/v) DHEBA). After the denaturation step (Step 4,
Supplementary Fig. 1), one gel was expanded (CTRL) right after. The second gel was treated
with 0.2 M NaOH for 1 h at RT (Treatment 1) and then expanded. The third gel was treated with
25 mM sodium periodate (Sigma-Aldrich, catalog no. 311448) diluted in 100 mM sodium acetate
buffer (Sigma-Aldrich, catalog no. S7899), adjusted to pH 6.0, for 1 h at RT (Treatment 2) and
then expanded. Finally, the fourth gel was treated with 0.25 M TCEP diluted in 1 M Tris-Cl buffer,
adjusted to pH 7.5, for 18 h at RT (Treatment 3) and then expanded. Note that we verified that
Treatment 1 can dissolve a gel composed of 19% (w/v) SA+10% (w/v) AAm + 0.1% (w/v)
DHEBA +0.25% (w/v) APS +0.25% (v/v) TEMED in 1 h at RT; Treatment 2 can dissolve a gel
composed of 19% (w/v) SA +10% (w/v) AAm + 0.2% (w/v) DATD + 0.25% (w/v) APS +0.25%
(v/v) TEMED in 1 h at RT; and Treatment 3 can dissolve a gel composed of 19% (w/v) SA +10%
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(w/v) AAm + 0.1% (w/v) BAC +0.25% (w/v) APS+0.25% (v/v) TEMED in 18 h at RT. After
expansion, all four gels were immunolabeled with both a mouse monoclonal anti-a-tubulin
antibody (1:500; Sigma-Aldrich, catalog no. T5168) and a rabbit polyclonal anti-TOM20 antibody
(1:500; Abcam, catalog no. ab78547) diluted in antibody dilution buffer (2% (w/v) BSA in 1x
PBS) for 12 h on a rocking platform at RT. The gels were washed three times with PBS-T for
20 min each and then immunolabeled with both ATTO647N-conjugated anti-mouse antibodies
(1:500; Sigma-Aldrich, catalog no. 50185) and ATTO594-conjugated anti-rabbit antibodies
(1:500, Sigma-Aldrich, catalog no. 77671) diluted in antibody dilution buffer for 6 h on a rocking
platform at RT. The gels were washed with PBS-T for 20 min each on a rocking platform at RT
and expanded again in MilliQ water to the final expansion factor of ~4.5. 3-color images of
microtubules (anti-a-tubulin) and mitochondria (MitoTracker Orange and anti-TOMZ20) were

acquired for each condition.

To measure TOMZ20 signal, background-corrected total fluorescence signal was calculated for each
ROI containing mitochondria. This value was divided by the area occupied by mitochondria as
calculated from the area of a mask generated from the corresponding MitoTracker Orange signal.
Between 23 to 29 fields of view were quantified in 5 cells for every condition. To measure a-
tubulin signal, line profiles of microtubules were drawn from the images using the Plot Profile tool
in FIJI/ImageJ and the background-corrected peak value was extracted. Between 104 and 123
profiles were drawn in 5 cells for every condition. Results are summarized in Supplementary Fig.

25.

Statistics and reproducibility
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For all quantitative experiments, the number of samples and independent reproductions are listed
in the figure legends. An unpaired two-tailed t-test in Graphpad Prism 8 was used to analyze the

data presented in Supplementary Figs. 15, 18 and 25.

Data availability

The datasets generated and/or analyzed during the current study are available from the

corresponding author on reasonable request.
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4. pan-Expansion Microscopy of Neurons and

Thick Brain Tissue

The work contained in this section is being prepared for publication in Neuron. It is titled:

M’Saad, O., Kasula, R., Kondratiuk, 1., Kidd, P., Falahati, H., Gentile, J.E., Niescier, R.,

Watters, K., Sterner, R.C., Lee, S., Liu, X., De Camilli, P., Koleske, A.J., Rothman, J.E.,
Biederer, T. & Bewersdorf, J. All-optical visualization of specific molecules in the ultrastructural

context of brain tissue (2021).

| am the first author of this manuscript. My contributions include the development and validation
of the pan-ExM-t method. Culturing of dissociated neurons and perfusion of mouse brains were

performed by collaborators.

Highlights

e pan-ExM-t visualizes proteins in the context of synaptic ultrastructure
o Lipid labeling in pan-ExM-t reveals organellar and cellular membranes
« All-optical, easily accessible alternative to correlative light/electron microscopy

« High potential for high throughput connectomics studies

Summary

Understanding the molecular anatomy and neural connectivity of the brain requires imaging
technologies that can map the 3D nanoscale distribution of specific proteins in the context of brain
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ultrastructure. Light and electron microscopy enable visualization of either specific labels or
anatomical ultrastructure but combining molecular specificity with anatomical context is
challenging. pan-Expansion Microscopy of tissue (pan-ExM-t) generates both contrast modalities
with a standard confocal light microscope by combining ~24-fold linear expansion of biological
samples with immunolabeling for specific protein imaging and pan-staining of protein densities
for ultrastructural context. Here, we present pan-ExM-t, a protocol developed for mouse brain
tissue. We demonstrate the versatility of this approach in neurobiological research by imaging
established markers Homerl, Bassoon, PSD-95, Synaptophysin, GFAP, MBP and anti-GFP
antibodies in dissociated neuron cultures and mouse brain sections. pan-ExM-t reveals these
markers in the context of ultrastructural features such as pre and postsynaptic densities, 3D
nanoarchitecture of neuropil, and the fine structures of cellular organelles. pan-ExM-t is adoptable
in any neurobiological laboratory with access to a confocal laser scanning microscope and has

therefore broad applicability in the research community.

4.1. Introduction

Three-dimensional microscopy techniques are instrumental to our understanding of brain
organization with its complex morphology, spanning from the sub-synapse scale to neural circuitry
maps. Despite significant advances in imaging, no microscopy method can provide a detailed
molecular topography of the synapse [40]. While electron microscopy (EM) is the gold standard
for ultrastructural analysis, localizing specific proteins still relies on immunogold labeling or
electron-dense peroxidase substrates, neither of which are reliable nor quantitative [41].
Fluorescence microscopy, on the other hand, enables highly specific, multicolor labeling of

proteins of interest. However, it fails to reveal the underlying ultrastructural context. Even with
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the advent of super-resolution microscopy, where single molecules can be imaged in 3D with
spatial resolutions down to ~10 nm [1], delineating context is unattainable: fluorescent dyes are
comparatively bulky (~1 nm) and susceptible to quenching when densely packed, hindering
imaging of crowded biomolecules [3][4]. To align specific molecular markers with sample
ultrastructure, the only option currently is correlative light electron microscopy (CLEM) [5].
However, because of its hefty price tag and operational complexity, especially in 3D imaging, only
a handful of research institutions worldwide have access to it. Not surprisingly, no study to date

has correlated 3D images of synaptic proteins to sub-synaptic ultrastructural compartments.

We recently discovered a new principle for an optical contrast equivalent to EM heavy-metal
stains, which allows for ultrastructural analysis using conventional light microscopy [42]. By
physically expanding a biological sample ~20-fold in every dimension, bulk staining of proteins
can now reveal the totality of subcellular compartments down to size scales of ~15 nm. We call
this approach pan-ExM, referencing the philosophy of labeling the whole (Greek: pan) and the
original concept of sample expansion in Expansion Microscopy (ExM) [6]. The 20:=8,000-fold
volume expansion decrowds the cellular environment and thereby overcomes the permeability,
guenching, and sampling limitations associated with bulk staining of conventional samples. In our
previous work, we showed how this approach allows for conventional light microscopes to acquire
EM-like images of adherent monolayer cells, revealing subcellular features such as mitochondria

cristae and Golgi cisternae by their anatomical characteristics [42].

The expansion mechanism in pan-ExM differs from other EXM approaches in that the sample
expands ~20-fold while proteins are retained in the hydrogel for subsequent staining. To achieve
this, pan-ExM avoids protease digestion and instead uses polymer entanglement [13] (as opposed

to iterative labeling [10]) to expand sample components twice without losing them: by embedding
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an already expanded sample prepared with a cleavable crosslinker in a second dense
superabsorbent hydrogel, entanglements between polymer chains of the first and final hydrogels
can physically interlock protein-polymer hybrids in this latter polymer network, thereby preserving
the proteome while iteratively expanding it. The conceptual advance in pan-staining of highly
expanded samples takes light microscopy to the realm of ultrastructural context imaging. In
combination with well-established labeling methods in fluorescence microscopy, pan-staining

provides nanoscale context to proteins of interest, analog to CLEM.

Here, we introduce pan-ExM-t, a pan-ExM protocol that enables contextual imaging of thick
mouse brain tissue sections. Analogous to EM, we discovered that hallmark ultrastructural features
such as pre- and postsynaptic densities can be identified by their morphological characteristics,
allowing, for the first-time, ultrastructural imaging of putative synapses by light microscopy
without specific labels. The developments we present in this paper will give every neurobiologist
the power to perform routine 3D pan-ExM-t imaging of brain tissue sections using their standard

confocal microscope.

Figure 9 shows an overview of our novel brain-tissue pan-ExM-t protocol. In brief, mice are
transcardially perfused with fixative containing both formaldehyde (FA) and acrylamide (AAm)
and their brains are extracted surgically and incubated in the same fixative overnight at 4°C. The
brains are then sectioned at 50-100 um thickness using a vibratome and stored in PBS until future
use (Fig. 9a). Each tissue section to be expanded is embedded in a dense poly(acrylamide/sodium
acrylate) co-polymer that is cross-linked with N,N'-(1,2-dihydroxyethylene)bisacrylamide
(DHEBA), an acrylamide crosslinker with a cleavable amidomethylol bond (Fig. 9b). After
polymerization, the now tissue-hydrogel hybrid is denatured with sodium dodecyl sulfate (SDS)

in heated buffer (pH 6.8) for 4 hours (Fig. 9¢) and expanded ~5-fold in deionized water (Fig. 9d,
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blue). Next, a specific region of interest (ROI, ~8x8 mm2) is cut and re-embedded first in a neutral
polyacrylamide hydrogel cross-linked with DHEBA (Fig. 9d, green) and then in a
poly(acrylamide/sodium acrylate) co-polymer cross-linked with N,N’-methylenebis(acrylamide)
(BIS), a non-hydrolysable acrylamide crosslinker (Fig. 9d, orange). The sample is then incubated
in 200 mM sodium hydroxide to cleave DHEBA so that the crosslinked first and second hydrogel
polymer networks are disentangled. After neutralization with multiple PBS washing steps, the
sample is labeled with antibodies, pan-stained with fluorescent dyes, washed with detergents, and
expanded to its final size (~24-fold) in ultrapure water (Fig. 9e). The sample is finally imaged on
a standard confocal microscope (Fig. 9f) and can be stored at 4°C for months. As we previously

demonstrated [42], no secondary fixation of proteins before the second re-embedding is required.
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Figure 9: pan-ExM-t workflow for mouse brain tissue sections. (a-f) Experimental workflow. (g): Timeline
summarizing the protocol. Abbreviations: FA: formaldehyde; AAm: acrylamide; NaOH: sodium hydroxide; DHEBA:
N,N’-(1,2-dihydroxyethylene)bis-acrylamide; SDS: sodium dodecyl sulfate; PBS-T: 0.1% (v/v) TX-100 in PBS; ROI:

region of interest.

4.2. Results

4.2.1. pan-ExM reveals synapse ultrastructure in dissociated neurons

Before experimenting with expanding mouse brain tissue sections, we tested pan-ExM in
dissociated hippocampal rat and mice neurons using our published protocol with modifications in
sample fixation (see Methods). We sought to test whether pan-ExM in neurons would reveal
ultrastructural details previously too crowded or small to be efficiently resolved with conventional
microscopy. A visual comparison of NHS ester bulk amine pan-staining of neurons that are non-
expanded (Fig. 10a) or expanded with pan-ExM, (Fig. 10d-k, Supplementary Videos 1 and 2),
confirms the validity of this approach: non-expanded synapses show essentially uniform staining,
revealing little information, whereas expanding neurons ~16-fold allows to spatially resolve
synapses by their protein density patterns. Analogous to phosphotungstic acid- (PTA-) staining of
neurons in EM (Fig. 10I) [61], now resolvable hallmark features such as dense projections (DP)
of the presynaptic bouton (Fig. 10m, lime arrow) and the postsynaptic density (Fig. 10m, salmon
arrow) allow for the identification of synapses by their morphological characteristics. We see
spines that are cupboard shaped (Fig. 10h,j), thin (Fig. 10g,k), and stubby (Fig. 10f). Strikingly,
we also observe triagonal protein-dense patterns formed by presynaptic DPs (Fig. 10e), a discovery
made using freeze-etched replica EM in 1972 [66]. A gallery of synapses imaged with pan-ExM

is shown in Supplementary Figure 1.
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To determine the achieved linear expansion factors, we imaged SYTOX Green-stained neuron
nuclei in non-expanded samples and samples expanded using our standard protocol and compared
the average nuclear cross-sectional area in both cases. On average, we obtained an expansion factor
of 15.7+0.3 (mean+s.d.; N=4 experiments; n=6—13 nuclei per experiment). Dividing the
measured distances between dense projections (DP) and the postsynaptic density (PSD) by the
expansion factor determined from nuclei measurements, we obtained a value of 81.9+25.8 nm
(mean £ s.d.; N =4 experiments; n =44 synaptic profiles; Fig. 10n), which is consistent with the
range of pre- and post-synaptic density distance measurements determined previously by super-
resolution microscopy and electron tomography [60][62][63][64][65]. Similarly, dividing the
distance between neighboring DPs by the nuclear expansion factor, we obtained a value of
67.2+15.4 nm (mean=+s.d.; N=6 experiments; n=78 DP profiles; Fig. 100), consistent with
earlier reports in EM [64][67]. In all subsequent experiments, we used the DP-PSD distance as a

metric for linear expansion factor calculation.

pan-ExM in dissociated neurons is compatible with immunofluorescence labeling as well as other
established chemical stainings, enabling correlative studies which combine specific and contextual
pan-staining approaches. Focusing on the synapse, Figure 10t-ccc shows the distributions of
synaptic proteins Bassoon, Homerl, PSD-95, and Synaptophysin in the context of synaptic
ultrastructure. We observe compartmentalization of active zone protein Bassoon into distinct
puncta as dense projections (Fig. 10t-bb) with synaptic vesicle protein Synaptophysin
intercalating in between neighboring dense projections (Fig. 10xx-ccc), supporting the model that
DPs represent distinct sites for synaptic vesicle docking and fusion at the active zone. We also
observe nanoclustering of postsynaptic density proteins Homerl and PSD-95 along an otherwise

macular and dense PSD, with Homer1 slightly offsetting the PSD further into the spine (Fig. 10cc-
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hh,q) and PSD-95 concentrating directly over the PSD (Fig. 10ll-qq,r), consistent with previous
work [212]. The expansion-corrected distributions of Bassoon, Homerl, and PSD-95 within the
axial DP-PSD distances are all in agreement with previously published studies [60][62]. For
instance, the distance between Bassoon and the PSD is 103.7+24.4 nm (mean+s.d.; N=3
independent samples; n= 50 synaptic profiles; Fig. 10p); the distance between Homerl and the
DP is 82.86+ 15.8 nm (mean +s.d.; N=4 independent samples; n=85 synaptic profiles; Fig.
10q); and the distance between PSD-95 and the DP is 68.4+11.0 nm (mean+s.d.; N=2
independent samples; n =25 synaptic profiles; Fig. 10r). Figure 10s shows a plot of the positions
of Bassoon, Homerl, and PSD-95 along the trans-synaptic axis defined as the center position

between DP and PSD.

Double immunostainings are compatible with pan-ExM. Figure 10rr-ww and Supplementary
Video 3 show Bassoon-Homerl immunofluorescence images at super-resolution and in their
synaptic context. A gallery of images showing distributions of synaptic proteins Bassoon, Homerl,
and PSD-95 is shown in Supplementary Figs. 2-5. This richness of information is inaccessible
with conventional confocal microscopy of unexpanded or only ~5-fold expanded samples

(Supplementary Fig. 6).

Optimizing antibody labeling parameters to achieve efficient and background-free staining is
critical for pan-ExXM imaging. Because the hydrogels used in pan-ExM are entangled and dense
(~30% w/v monomer concentration), we suspect that many antibodies can become entrapped
within this hydrogel matrix when used in high concentrations, often producing a granular
background (Supplementary Fig. 7b). We found, for example, that lowering the concentrations
of both Homerl primary and dye-conjugated secondary antibodies from ~4 pg/mL to ~2 pg/mL

strongly reduced the background without compromising signal levels (Supplementary Fig. 7j).
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pan-ExM can clearly resolve subcellular structures in dissociated neurons that were previously
inaccessible with standard confocal microscopy. Figure 10ddd-fff shows mtDNA inside a
mitochondrion with visible cristae, Fig. 10ggg-hhh shows the hollow, circular structure of a
appendages, and the ciliary tip of a cilium. Furthermore, by combining NHS ester pan-staining
with metabolic incorporation of palmitic acid azide, it becomes possible to examine the contact
sites of membranous organelles, such as the tubules of the endoplasmic reticulum (ER) and
mitochondria (Supplementary Fig. 8). A gallery of subcellular neuronal features is shown in

Supplementary Figs. 9-10.
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and synaptic vesicles (SVs) in the presynaptic bouton, and the postsynaptic density (PSD), and the active zone (AZ)
in the postsynaptic dendritic spine. c, top view of a synapse showing hexagonal dense projections (DPs) in the
presynaptic bouton and synaptic vesicle (SV) attachment sites. d, f-k, pan-ExM processed and NHS ester pan-stained
spines including cupboard (h, j), stubby (f), and thin (k) shapes. e, NHS ester pan-stained synapse showing
hexagonally arranged DPs. |, transmission EM (TEM) image of a phosphotungstic acid (PTA) stained synapse showing
prominent DPs (lime arrows) and a PSD (salmon arrow). m, pan-ExM processed and NHS ester pan-stained synapse
for comparison, showing similar hallmark ultrastructural features. n, DP-PSD distances (n = 44 measurements from

4 independent experiments). o, DP-DP distances (n = 78 measurements from 6 independent experiments). p,

Comparison of Bassoon-PSD and DP-PSD distances (n = 50 measurements from 3 independent samples). q,
Comparison of Homerl-PSD and DP-PSD distances (n = 85 measurements from 4 independent samples). r,
Comparison of PSD95-DP and DP-PSD distances (n = 25 measurements from 2 independent samples). *: p<0.05; **:
p<0.01. s, Relative spatial distributions of Bassoon, PSD-95, and Homer1 along the trans-synaptic axis. t, w, z, axial
(t, w) and top (z) views of synapses pan-stained with NHS ester. u, x, aa, Bassoon immunolabeling of the same areas.
v, y, bb, respective overlays. cc-kk, lI-qq, rr-ww, and xx-ccc, same as t-bb in samples labeled for Homer1, labeled for
PSD-95, double-labeled for Homerl and Bassoon, and labeled for Synaptophysin (SYN), respectively. The insetin ccc
shows SYN puncta, representing synaptic vesicles, intercalated between neighboring DPs. ddd, NHS ester image of
a mitochondrion in a hippocampal rat neuron. eee, SYTOX Green (SYX) staining of the same area. fff, overlay. ggg,
NHS ester image of a nuclear pore complex (NPC). hhh, overlay of ggg with a SYTOX Green image of the same area.
iii, NHS ester image of basal bodies in a mouse neuron. The inset shows the familiar centriolar cartwheel structure.
jii, NHS ester image of a cilium in a mouse neuron. Lime and salmon arrows point to the basal body and ciliary tip,
projection (intensity average) of 5 images. All scale bars are corrected for the expansion factor. Scale bars, (a) 800

nm, (d-m, t-ccc, jjj) 200 nm, (ddd-fff) 300 nm, (ggg, hhh) 50 nm, (iii) 100 hm

4.2.2. pan-ExM-t reveals tissue ultrastructural features

Having established pan-ExM in dissociated neuron cultures, we adapted our technique to 70 pum-
thick mouse brain tissue sections. Because of stark differences in thickness, lipid content, and
presence of a highly connected extracellular matrix in tissue that is absent in dissociated neurons,

brain fixation, sample denaturation, and antibody labeling parameters had to be optimized.
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Ultrastructural analysis of brain tissue sections in EM has typically relied on formaldehyde (FA)
and glutaraldehyde (GA) fixation to best preserve fine structures [122][124]. Because pan-ExM is
an ultrastructural imaging method, structural preservation at the 10-nm scale is of utmost
importance [42]. However, compatibility with immunolabeling is equally important to the core
concept of our technigue, and antigens are known to be masked by glutaraldehyde fixation [123].
To examine the effects of fixation and post-fixation on tissue preservation, we expanded 70 pm-
thick mouse brain tissue sections that were fixed with 4% FA and not post-fixed (Fix-1), fixed
with 4% FA and post-fixed with 0.7% FA + 1% acrylamide (AAm) (Fix-2), fixed with 4% FA and
post-fixed with 4% FA + 20% AAm (Fix-3), fixed with 4% FA + 0.1% GA and post-fixed with
4% FA + 20% AAm (Fix-4), and fixed with 4% FA and post-treated with 0.1 mg/mL acryloyl-X
SE (AcX) (Fix-5). Supplementary Figs. 11-12 show that tissue treated with Fix-1 has no
distinguishable structural features beyond the outline of cell nuclei, suggesting little protein
retention; tissue treated with Fix-2 expands 18.5 +1.3-fold (mean=+s.d.; N=6 ficlds of view;
n =38 synaptic profiles, Supplementary Fig. 12p) and shows resolved synapses and cell bodies,
but no distinguishable neurites; tissue treated with Fix-3 expands 16.0 £+ 1.0-fold (mean+s.d.;
N =9 fields of view; n=281 synaptic profiles) and shows distinguishable neurites, but many
detached cell bodies; tissue treated with Fix-4 expands 11.6 £ 1.1-fold (mean +s.d.; N =38 fields
of view; n =77 synaptic profiles) and exhibits adequate neuropil and cell body preservation, and
finally; tissue treated with Fix-5 expands 11.8 + 1.9-fold (mean +s.d.; N =9 fields of view; n =74
synaptic profiles) and shows poor cell body preservation and multiple artifactual gaps in neuropil.
These results suggest that the expansion factor increases with lower post-fixation strength and

decreases with the addition of GA in the fixative. They also suggest that using AcX, a common
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acryloylated and amine-reactive reagent in ExM [8], results in lower expansion factors as well as

multiple artifacts in tissue ultrastructure when coupled with nonenzymatic homogenization.

Moreover, to examine tissue preservation further, we determined the extracellular space and lipid
membrane (ECS+) fraction of neuropil across the different fixation schemes presented. The ECS
fraction in live organotypic brain slices, determined by STED microscopy, ranges from 5% to 36%
[125]. We therefore expect the ECS+ fraction to be within that range or higher by ~10% to account
for unlabeled lipid membrane boundaries. Supplementary Fig. 13 shows that indeed lowering the
strength of the post-fixative (Fix-2) or using AcX (Fix-5) result in large ECS gaps (ECS+>60%)
that are likely artifactual, while using stronger post-fixatives (Fix-3 and Fix-4) result in an ECS+
fraction within an acceptable range (~30%). It is worth noting that in EM of chemically fixed
tissue, the ECS fraction is notoriously underestimated because of tissue shrinkage from excessive
fixation (ECS shrinkage is ~6 fold), giving the false notion that neurites are tightly apposed to one

another [213][214].

We conclude based on our assessment of fixation effects on ultrastructural preservation in
expanded brain tissue that strong post-fixation with FA and AAm (Fix-3 and Fix-4) is necessary
for good neuropil and ECS preservation. However, these still cause artifactual gaps in neuropil,
and in the case of FA+GA-fixed tissue, result in a low expansion factor of ~11 fold. Therefore, we
hypothesized that excessive interprotein crosslinking occurs in the initial fixation stage and
predicted that transcardial perfusion with both FA and AAm along with post-fixation in the same
fixative would result in a more uniform expansion. Inspired by CLARITY [68] and MAP [9] where
FA is combined with acrylamide to simultaneously quench inter-protein crosslinking and
functionalize proteins with an AAm group, we used 4% FA + 20% AAm in both the transcardial

perfusion and overnight post-fixation solutions (Fix-6). We obtained an expansion factor of
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24.1+ 1.4-fold (mean+£s.d.; N=10 fields of view from 3 independent experiments; n=254
synaptic profiles, Fig. 11i; Supplementary Fig. 12p) as well as good neuropil preservation, very
little artifactual tissue perforations (Fig. 11a-c; Supplementary Figs. 11-12), and an acceptable
ECS+ fraction of ~38% (Fig. 11j-I; Supplementary Fig. 13). We therefore decided to use this

fixation strategy for all subsequent experiments.

In the process of optimizing protein denaturation conditions, we found that increasing the
denaturation temperature above 90 °C or using alkaline buffers resulted in hydrogel disintegration,
possibly because of the lability of the DHEBA crosslinker molecule [126]. We therefore adopted
the pH 6.8 SDS buffer of pan-ExM and used 75 °C as the temperature for denaturation, similar to
73 °C used in the original protocol [42]. We also found that tissue-hydrogel hybrids denatured for
4 h were macroscopically flat, while gels denatured for fewer than 4 h exhibited crumbled
macrostructures, signifying incomplete mechanical homogenization. We therefore assessed
denaturation times of 4 h (Denat-4), 6 h (Denat-6), and 8 h (Denat-8) for both expansion factor
and relative protein retention (measured by reporting peak DP intensity). We found that Denat-4
results in an expansion factor of 26.9 1.2 (mean £s.d.; N=3 fields of view; n=150 synaptic
profiles, Supplementary Fig. 14j) and DP peak intensity of 1506.8 £ 243.8 (mean+s.d.; N=3
fields of view; n = 50 intensity measurements, Supplementary Fig. 14k), Denat-6 yields a similar
expansion factor of 26.0 £1.3 (mean=+s.d.; N=3 fields of view; n=42 synaptic profiles) and
slightly lower DP peak intensity of 1353.3 + 248.3 (mean+s.d.; N=3 fields of view; n=42
intensity measurements), and finally Denat-8 shows an increase in expansion factor to 33.7 + 1.6
(mean £ s.d.; N = 3 fields of view; n =100 synaptic profiles) and partial protein loss with DP peak
intensity of 1014.3 £209.1 (mean=+s.d.; N=2 fields of view; n=48 intensity measurements).

Since we prioritize protein retention and argue that expansion factors of ~24 fold are sufficient to
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resolve ultrastructural features of interest, we denatured our samples for 4 h at 75 °C in all

subsequent experiments.

Equipped with a pan-ExM-t protocol that preserves ultrastructure well and allows for ~24-fold
linear expansion, we imaged a wide variety of tissue nanostructures across both hippocampal and
cortical regions of the mouse brain. Figure 3a shows a tiled ~1x1 mm2 image (corresponding to
~42x42 um?2 after correction for the expansion factor) of NHS ester pan-stained cortical tissue at
synaptic resolution. Hallmark synaptic features such as pre- and postsynaptic densities can now be
imaged and with a standard confocal microscope deep inside a brain tissue section (Fig. 11d-h;
Supplementary Figs. 15-17; Supplementary Videos 4 and 5). For example, we could observe
that putative excitatory synapses, defined by a prominent PSD (Fig. 11m-cc), often featured
mitochondria in the vicinity of axonal boutons (Fig. 11n, arrow) and sometimes in the
postsynaptic partner (Fig. 11o, arrow). Intriguingly, we can discern densely stained stacked
structures in some postsynaptic compartments, suggestive of spine apparatuses (Fig. 11dd-ii)
[215]. Moreover, the obtained resolution allowed us to classify synapses based on variations in
PSD patterns and NHS ester pan-staining intensity into three classes inspired by the previously
established [215][216][217][218] Gray classification of synapses: Class 1, where the PSD is dense
and macular (Fig. 11jj); Class 2, where the PSD is dense and perforated (Fig. 11kk); and Class 3,
where the PSD is barely visible (Fig. 11ll). Furthermore, pan-ExM-t images clearly reveal the

spine neck (Fig. 11q, arrow) and multisynaptic boutons (Fig. 11mm-vv).

Next to synapses, centrioles in the perikarya are distinguished by a bright NHS ester pan-staining
showing clear distal appendages (Fig. 11ww) and, in top views, the cartwheel structure (Fig. 11xx)
and nine-fold symmetry (Fig. 11zz). The nine-fold symmetry is also visible in multiciliated

ependymal epithelia lining the lateral ventricles of the mouse brain (Fig. 13l, Supplementary
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Video 6, Supplementary Fig. 18). Moreover, we also observe that mitochondria morphologies
vary strongly across neuropil (Fig. 11zz-000), some featuring clearly resolvable lamellar cristae,
and shapes ranging from vesicular to teardrops with tubular extensions (Fig. 11mmm-000, arrows)
reported to correlate with disease and synaptic performance [219][220]. A closer look at brain
capillaries (Fig. 11000, Supplementary Fig. 19) reveals clearly discernible endothelial cells, tight

junctions, pericytes, and the basement membrane [218].
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factor (n = 254 measurements from 3 independent experiments). j, ECS + lipid membrane (ECS+) fraction (n = 14
measurements from 3 independent experiments). k, image of neuropil in the hippocampus. I, same area as k where
white pixels represent the ECS+. m-cc, putative excitatory synapses defined by a prominent PSD. Lime arrows in n
and p point to mitochondria in the presynaptic bouton and in the postsynaptic compartment, respectively. The
salmon arrow in q points to a spine neck. dd-ii, putative spine apparatuses (pink arrows) in the postsynaptic
compartment defined by a characteristic lamellar arrangement. jj-ll, classification of synapses based on the patterns
and intensity of the PSD; jj, class 1: the PSD is prominent and macular; kk, class 2: the PSD is prominent and
perforated; Il, class 3: the PSD, unlike DPs, is barely visible. mm-vv, NHS ester pan-stained multisynaptic boutons
and their postsynaptic partners. ww, lateral view of a centriole showing distal and proximal ends as well as distal
appendages (turquoise arrows). xx, yy, top views of centrioles showing the cartwheel structure (xx) and the 9-fold
symmetry of microtubule triplets (yy). zz-o0o, mitochondria with vesicular cristae (zz-ccc, ggg, iii), lamellar cristae
(ddd-fff), and teardrop-shaped with tubular extensions (yellow arrows) (mmm-000). Salmon arrow in mmm points
to putative myelinated sheaths. ppp, brain capillary showing endothelial cells (lavender arrow heads), putative tight
junctions (TJs; teal arrows) that link neighboring endothelial cells, putative pericyte branch (salmon arrow), and the
basement membrane (BM; yellow arrow). Gamma corrections: (a, ww-yy, ppp) y=0.7; (m-vv, zz-000) y=0.8. All scale
bars are corrected for the expansion factor. Scale bars, (a) 5 um, (b, ¢, ppp) 1 um, (d-h, m-cc, jj-vv, xx, ww, zz-ccc,

ggg, jii, Il) 200 nm, (k, 1) 3 um, (dd-ii, xx, yy, ddd-fff, iii, nnn) 100 nm, (hhh, mmm, ooo) 400 nm.

4.2.3. pan-ExM-t is compatible with antibody labeling of synapses in thick

brain tissue sections

A particular strength of pan-ExM-t is its ability to localize specific proteins to sub-compartments
revealed in the contextual pan-stained channel. Our protocol must therefore allow for efficient
antibody staining, while also maintaining good ultrastructural preservation. Because hydrogels
with high monomer concentrations are known to impede antibody diffusion, we investigated
whether lowering the monomer concentration in the different interpenetrating hydrogels would
result in better signal-to-noise antibody stainings. We assessed both antibody-labeling efficiency
and ultrastructural preservation in hydrogels synthesized with different sodium acrylate (SA)
monomer concentrations. We hypothesized that lowering this concentration would allow for larger
effective hydrogel mesh sizes and therefore better antibody penetration. In summary, we used four
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different hydrogel monomer combinations with either 19% (w/v) or 9% (w/v) SA in the first and
second expansion hydrogels, referred to as 19SA/19SA, 19SA/9SA, 9SA/19SA, and 9SA/9SA.
Comparing expansion factors, we found that 19SA/19SA gels expand as we previously reported
24.1+ 1.4-fold (mean+s.d.; N=10 fields of view from 3 independent experiments; n=254
synaptic profiles, Supplementary Fig. 20e), 19SA/9SA gels expand 20.3+ 1.2-fold (mean +s.d.;
N =12 fields of view from 2 independent experiments; n =267 synaptic profiles), 9SA/19SA gels
expand 20.5+ 1.8-fold (mean +s.d.; N =6 fields of view from 2 independent experiments; n = 88
synaptic profiles), and 9SA/9SA gels expand 18.5+ 1.7-fold (mean +s.d.; N = 6 fields of view from
2 independent experiments; n =86 synaptic profiles). While expansion factors are not radically
affected by variations in SA monomer concentrations, we noticed visible ultrastructural
differences. Judging tissue preservation by the frequency of gaps in neuropil and detachments of
cell bodies from the underlying tissue, we observe equally good tissue integrity in 19SA/19SA,
19SA/9SA, and 9SA/19SA gels (Supplementary Fig. 20a-c), but significantly distorted neuropil
and dissociated cell bodies in 9SA/9SA gels (Supplementary Fig. 20d). We suspect that this
distortion effect is due to a decrease in hydrogel mechanical sturdiness when hydrogels of lower
monomer concentrations, like the ones in ExR [127], are used. We therefore caution against
synthesizing hydrogels that are mechanically too brittle to properly preserve the integrity of
biological structures. As for antibody-staining efficiency, we observed equally efficient labeling
in 19SA/19SA, 19SA/9SA, and 9SA/19SA hydrogels for most antigens, with reduced background
following synaptic protein immunolabeling in 19SA/9SA hydrogels. Therefore, in all subsequent
immunoassays, we used 19SA/9SA gels for synaptic protein immunolabeling and 19SA/19SA gels

in immunolabeling structural markers.
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With a now robust pan-ExM-t protocol capable of localizing specific proteins in their tissue
ultrastructural context, we performed several immunostainings against commonly studied synaptic
targets. Figure 12 shows the distributions of synaptic proteins Homerl, Bassoon, PSD-95
(Supplementary Video 6), and Synaptophysin in the context of tissue and synaptic ultrastructure.
The expansion-corrected distributions of Homerl, PSD-95, and Bassoon within the axial DP-PSD
distances are all in agreement with published values as well as with values obtained from cultured
neuron measurements in this work. For example, the distance between Bassoon and the PSD is
93.7+16.9 nm (mean=+s.d.; N=3 ficlds of view; n=74 synaptic profiles; Fig. 12000); the
distance between Homerl and DP is 93.3 + 16.1 nm (mean+s.d.; N=15 fields on views; n= 120
synaptic profiles; Fig. 12ppp); and the distance between PSD-95 and the DP is 76.4+11.8 nm
(mean +s.d.; N =3 fields of view; n= 113 synaptic profiles, Fig. 12qqq). Figure 12rrr shows a
plot of the axial positions of Homerl, PSD-95, and Bassoon along the trans-synaptic axis defined
as the center position between DP and PSD. In agreement with previous work, Homerl is on
average localized further inside the spine and away from the cleft than the PSD center [212].
Interestingly, in Class 3 synapses, defined by the absence of a protein-dense PSD, we found that
while Bassoon scaffold protein is present (Figs. 12q-s) PSD proteins Homerl (Figs. 12jj-II) and

PSD-95 (Figs. 12ddd-fff) are not, reminiscent of inhibitory synapses.
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Figure 12: pan-ExM-t is compatible with antibody labeling of synaptic proteins in brain tissue. a, NHS ester
(grayscale) pan-stained and Bassoon (red) immunolabeled brain tissue section. b, magnified area in the red box in a
showing a synapse. ¢, Bassoon immunolabeling of the same area as in b. d, NHS ester pan-staining of the same area
as in b. e-p, additional examples similar to b-d showing lateral (e-m) and top (n-p) views of Bassoon-immunolabeled
synapses. g-s, lateral view of a Class 3 synapse pan-stained with NHS ester and immunolabeled with Bassoon
antibody indicating that Class 3 synapses are positive for Bassoon protein. t, NHS ester (grayscale) pan-stained and
Homer1 (magenta) immunolabeled brain tissue section. u, magnified area in the magenta box in t showing a synapse.
v, Homerl immunolabeling of the same area as in u. w, NHS ester pan-staining of the same area as in u. x-ii,
additional examples similar to u-w showing lateral (x-ff) and top (gg-ii) views of Homerl-immunolabeled synapses.
ji-ll, lateral view of a Class 3 synapse pan-stained with NHS ester and immunolabeled with Homerl antibody
indicating that Class 3 synapses are negative for Homerl protein. mm, NHS ester (grayscale) pan-stained and PSD-
95 (cyan) immunolabeled brain tissue section. 0o, magnified area in the cyan box in mm showing a synapse. pp, PSD-
95 immunolabeling of the same area as in 00. qq, NHS ester pan-staining of the same area as in 00. rr-ccc, additional
examples similar to 00-qq showing lateral (rr-zz) and top (aaa-ccc) views of PSD-95-immunolabeled synapses. ddd-
fff, lateral view of a Class 3 synapse pan-stained with NHS ester and immunolabeled with PSD-95 antibody indicating
that Class 3 synapses are negative for PSD-95 protein. ggg, NHS ester (grayscale) pan-stained and Synaptophysin
(SYN; yellow) immunolabeled brain tissue section. hhh, magnified area in the yellow box in ggg showing a synapse.
iii, Synaptophysin immunolabeling of the same area as in hhh. jjj, NHS ester pan-staining of the same area as in hhh.
lll-nnn, additional example similar to hhh-jjj. 000, Comparison between Bassoon-PSD and DP-PSD distances (n = 74
measurements from 3 fields of view (FOVs) in one independent experiment). ppp, Comparison between Homer1-
PSD and DP-PSD distances (n = 120 measurements from 5 FOVs in 2 independent experiments). qqq, Comparison
between PSD95-DP and DP-PSD distances (n = 113 measurements from 3 FOVs in one independent experiment).
**%%. p<0.0001. rrr, relative spatial distributions of Bassoon, PSD-95, and Homer1 along the trans-synaptic axis. All
images (with the exception of ggg-nnn) are z-projections (intensity average) of 2 images. All NHS ester images were
Gamma-corrected with y=0.7 with the exception of the Synaptophysin images (y=0.6). All scale bars are corrected
for the expansion factor. Scale bars (a, t, mm) 2 um, (b-m, g-s, u-ff, jj-1l, oo-zz, ddd-fff, hhh-nnn) 200 nm, (n-p, gg-ii,
aaa-ccc) 100 nm, (ggg) 1 um.

4.2.4. pan-ExM-t is compatible with antibody labeling of tissue structures

pan-ExM-t is not limited to providing context to synaptic proteins. We found that SYTOX Green
nucleic acid stain produces a bright nuclear staining that overlays perfectly with NHS ester pan-

stained cell nuclei (Fig. 13a-d). Furthermore, we can resolve individual glial fibrillary acidic
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protein (GFAP) filaments in astrocytes (Fig. 13e-k) including near multiciliated ependymal
epithelia (Supplementary Fig. 18) and engulfing blood vessels (Fig. 13k; Supplementary Video
7). Interestingly, the distinctive pan-stain pattern of astrocyte nuclei and their thick and fibrous
cytoplasmic branches allow for their identification without GFAP, analogous to heavy metal-stains
in EM (Supplementary Fig. 21; Supplementary Video 8) [128][218]. We also observe that
myelin basic protein (MBP-) labeled structures are devoid of surrounding pan-staining, suggesting
these represent myelinated axons (Fig. 13m-s). Moreover, when we immunolabeled GFP in Thy1-
GFP transgenic mice, we noticed the sparsity of this marker in both neuropil and neuron somas
(Fig. 13t-hh; Supplementary Video 9). Originally designed to resolve individual dendrites and
axons in densely packed neuropil [129], GFP-Thyl imaged with pan-ExM-t reveals these
transgenic neurons in their ultrastructural context. pan-ExM-t clearly shows the GFP surrounding,
but being excluded from, mitochondria (Fig. 13u-w). The ability to distinguish GFP-positive
dendritic spine heads (Fig. 13x-z) and axonal boutons (Fig. 13aa-ff) from their synaptic partners

suggests that pan-ExM-t is especially suited for light-based neural tracing and connectomics.
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Figure 13: pan-ExM-t is compatible with antibody labeling of brain tissue structural markers. a, cortical neurons
pan-stained with NHS ester (grayscale) and stained with SYTOX green (teal) showing a neuron nucleus. b-d,
magnified view of the area in the green box in a and the SYTOX Green (c) and NHS ester (d) channels shown
separately. e, astrocyte pan-stained with NHS ester (grayscale) and immunolabeled with glial fibrillary acidic protein
antibody (a-GFAP; magenta). f-h, magnified view of the area in the magenta box in e showing GFAP filaments
surrounding mitochondria, and the a-GFAP (g) and NHS ester (h) channels shown separately. i, 3D rendering of a-
GFAP (magenta), SYTOX Green (green), and NHS ester (grayscale). j, k, 3D renderings of a-GFAP (magenta) and blood
vessels (BV) pan-stained with NHS ester (grayscale). I, multiciliated ependymal epithelia pan-stained with NHS ester
(grayscale). Inset shows 9-fold symmetry of cilia. m-r, lateral (m-0) and top (p-r) views of axons pan-stained with
NHS ester (grayscale) and immunolabeled with myelin basic protein antibody (a-MBP; red). a-MBP (n, q) and NHS
ester (o, r) channels of the areas shown in m and p. s, 3D rendering of anti-MBP showing multiple axons. t, cortical
neurons pan-stained with NHS ester (grayscale) and anti-GFP (green) showing that only a sparse subset of neuron
somas and neurites express GFP-Thy1l. u-w, a neurite pan-stained with NHS ester (w) and immunolabeled with anti-
GFP (v) showing that GFP-Thy1 is not expressed inside mitochondria. x-ff, a dendritic spine (x-z) and axonal boutons
(aa-ff) pan-stained with NHS ester and immunolabeled with anti-GFP. y, bb, ee, anti-GFP channels of the areas shown
in x, aa, and dd, respectively. z, cc, ff, NHS ester channels of the areas shown in x, aa, and dd, respectively. gg, 3D
representation of a surface-rendered dendrite immunolabeled with anti-GFP (green) and NHS ester pan-staining
(grayscale). hh, 3D rendering of a dendrite immunolabeled with anti-GFP (green) and NHS ester pan-staining
(grayscale). Gamma corrections: (a, e, m, p, t, u, X, aa, dd) y=0.7. 3D renderings were processed with Imaris with
gamma corrections applied. A mask drawn manually in Fiji was created to remove background noise in images m
and t. 3D image processing details for images i-l, s, gg, and hh are found in the Methods section. Scale bars in the
3D renderings i-l, s, gg, and hh are not corrected for the expansion factor. All other scale bars are corrected for the

expansion factor. Scale bars (a, t) 5 um, (b-d, e, m-0) 2 um, (f-h, u-w) 500 nm, (p-r) 1 um, (x-ff) 200 nm.

4.2.5. pacSph enables lipid labeling of tissue in pan-ExM-t

Neural connectomics analysis in EM generally relies on contrast from lipid membranes to delineate
cellular boundaries. One way to achieve this in pan-ExM-t would be to preserve the lipid content.
Since there are roughly 5 million lipids per 1 um2 of membrane surface and 150-times more lipids
than proteins on a typical cell membrane [73], we expect that even following detergent extraction

with SDS, a fraction of these lipids would remain in the hydrogel. Interestingly, when we labeled
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SDS-denatured and ~4-fold expanded brain tissue with BODIPY TR Methyl Ester (BDP), we
achieved a distinct pan-staining (Supplementary Fig. 22). Here, BDP highlights the nuclear
envelope, organelles like mitochondria, the Golgi complex, the ER, as well as myelinated axons.
All these structures resemble those shown in mExM [35], but were acquired without using any
specialized probes. Overlaid with sulfonated NHS ester dye pan-staining, we observe a striking
differential hydrophilic-lipophilic pan-staining pattern (Supplementary Fig. 23), with
significantly higher BDP staining levels achieved in 4% FA + 0.1% GA-fixed tissue than in 4%
FA-fixed tissue (Supplementary Fig. 24). Similarly, in pan-ExM-t expanded tissue, we achieve
distinctive and bright BDP labeling in 4% FA + 0.1% GA-fixed tissue (Supplementary Fig. 25),
but almost no staining in 4% FA-fixed tissue, and we see major structural artifacts when
supplementing the fixatives with 0.01% osmium tetroxide, known to better preserve lipids [74][75]
(Supplementary Fig. 24s-aa; Supplementary Fig. 26). These results confirm that GA plays a
major role in stabilizing and crosslinking the lipid content [122], and suggest that monoaldehydes

like FA alone do not provide adequate lipid preservation when preceded by detergent extraction.

Next, we asked whether replacing the anionic detergent SDS in our denaturation buffer with the
chaotropic reagent guanidine hydrochloride (G-HCI) would better preserve the lipid content and
enable superior lipid staining in 4% FA + 0.1% GA-fixed, pan-ExM-t expanded tissue. Unlike
SDS, hyperhydration with urea or guanidine HCI is known to disrupt hydrogen bonding in proteins
without solubilizing lipids [69]. EM images of brain tissue samples fixed with only 4% FA and
chemically cleared with the functionally similar chaotropic molecule urea show intact membrane
ultrastructure and up to 70% lipid retention [70][71]. We chose to work with G-HCI and not urea,
because the latter is known to decompose and carbamylate proteins at the elevated temperatures

required for efficient denaturation [72]. Supplementary Fig. 27 shows that BDP signal is in fact
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higher in G-HCI-denatured neuron and tissue samples, giving credence to this approach. However,
our data also show that BDP does not exclusively stain cell membranes and subjecting samples to
no denaturation at all results in lower BPD signal. This observation is more evident in ~20-fold
expanded samples where easily distinguishable neurite boundaries are not specifically stained with
BDP (Supplementary Fig. 28). All these results suggest that lipophilic dyes like BDP do not
exclusively label lipid membranes in denatured samples, but also label the hydrophobic core of
proteins exposed following denaturation. In fact, in thermal denaturation assays, environmentally
sensitive fluorescent dyes are commonly used to determine the temperature at which proteins
denature (e.g., in differential scanning fluorimetry (DSF)) [130][131][132]. Protein denaturation,
however, is a necessary step in enzyme-free ExXM methods, since electrostatic interactions between

proteins must be nulled for isotropic sample expansion.

Since strategies to preserve the lipid content for post-denaturation lipophilic labeling do not result
in exclusive cell membrane delineation and require antigen-masking GA fixation [138], we
decided to capitalize on pre-denaturation lipid labeling strategies. Here, proteins are not unfolded,
and the lipid content may require less harsh fixatives for preservation after expansion. To label
lipid membranes in ExM, all approaches have so far used trifunctional lipid probes in either live
or fixed samples [34][35][76][78]. In these probes, one functional group is a membrane-
intercalating lipid, the second is hydrogel-anchorable, and the third is a reporter molecule. In the
live-labeling approaches, cells have been labeled with acryolated and fluorescent 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine (DSPE) [34], clickable palmitic acid [42], aminated o-NH2-
®-N3-C6-ceramide [76], or clickable choline [77]. The only strategy available to stain lipids in
tissue with ExXM after it is fixed is to use aminated (poly-lysine) membrane-intercalating probes

such as pG5kb [35] and mCling [78][79]. These survive detergent disruption by covalent
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attachment to the hydrogel matrix and contain a biotin group available for conjugation with dye-
labeled streptavidin after expansion. When we tested mCling in 5-fold expanded brain tissue
sections, we found that although it labeled tissue hydrophobic components, this labeling was
limited to the tissue surface, likely because of diffusion limitations (Supplementary Fig. 29).
When we tested mCling in pan-ExM-t samples, we observed little to no labeling. mCling [79] as
well as an ExM-optimized version of it, pG5kb [35], have 5 to 7 lysine groups making them
relatively highly charged and bulky (Supplementary Fig. 30a-b). mCling and pG5kb also require
that the tissue is fixed with GA, which we previously found decreases synaptic protein antigenicity,
introduces structural artifacts in the form of tissue perforations, as well as limits the expansion

factor to ~12 fold, and so we did not explore this avenue any further.

We therefore developed a new pan-ExM-t lipid labeling strategy where we use a commercially
available photocrosslinkable and clickable sphingosine (pacSph [221], Fig. 14n) as a lipid
intercalating reagent in tissue fixed only with 4% FA + 20% AAm (to preserve antigenicity). In
our protocol, we (1) label 70 um-thick tissue sections with pacSph prior to hydrogel embedding,
(2) irradiate the sample with UV light (365 nm) to photo-crosslink the probes onto neighboring
proteins (from both directions to compensate for depth-dependent UV light absorption in the 70-
MM thick tissue); and (3) probe the ligands with fluorescent dyes after expansion. It is worth noting
that pacSph is smaller (335 Da) than mCling (1445 Da) or pG5kb (1158 Da), polar, and partially
positively charged (amine pKa ~6.6), allowing for high probe packing and sampling. Sphingosines
are also membrane bilayer-rigidifying: they stabilize gel domains in membranes, raise their
melting temperature, and induce membrane permeabilization without micellar extraction of
proteins or lipids [80][81]. We therefore expect sphingosine to diffuse efficiently in thick tissue.

Furthermore, pacSph has a photoactivatable diazirine group that forms reactive carbene
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intermediates capable of insertion in C-H or N-H, and O-H bonds of tissue components upon UV
irradiation [82][83]. Since diazirine is on the lipid chain (Fig. 14n, pink diazirine), we expect that
two pacSph lipids located on opposing sides of a membrane bilayer will photo-crosslink the
embedded hydrogel polymer chains at the center of the hydrophobic phase of the bilayer,
minimizing the linker error. This error is inevitable if we were to photo-crosslink the probes at the
polar head group. Finally, retained lipids are conjugated with a hydrophobic azido dye at the lipid
tail extremity (Fig. 14n, green alkyne). We believe all these factors make pacSph ideally suited

for membrane delineation in pan-ExM-t.

Figure 14 confirms the plausibility of our approach. In the perikarya of brain tissue fixed with 4%
FA + 20% AAm and pan-stained with pacSph, we can clearly discern both sides of ER tubules
(Fig. 14d-f), ER and mitochondria contact sites (Fig. 14g-i), and both sides of the nuclear envelope
(Fig. 14j-1). In neuropil, lipid membrane boundaries are now discernable (Fig. 140-00), revealing
the boundaries of neurites and synaptic compartments. In brain capillaries, the different
membranes are also differentially highlighted relative to NHS ester pan-staining (Fig. 14pp-rr).
Moreover, when we experimented with irradiating pacSph pan-stained tissue with UV light before
or after the first hydrogel embedding, we found that UV irradiation after hydrogel embedding
results in significantly higher probe retention, suggesting that diazirine is being photo-crosslinked
to the dense hydrogel mesh in addition to surrounding proteins (Fig. 14m; Supplementary Fig.
31). In fact, a recent study showed that diazirine has an affinity for reacting with proteins
containing large negative electrostatic surfaces in cells (e.g., carboxyl groups) [139]. We suspect
that diazirine in our probe is preferentially photo-crosslinked to carboxyl groups on the
poly(acrylamide/acrylate) mesh, offering better retention of the lipid content. While benefiting

from future investigation, our data shows that photo-crosslinking lipid-intercalating ceramides to
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the expansion hydrogel represents an important strategy in labeling lipids in ~24-fold expanded
and formaldehyde fixed brain tissue sections. A gallery of pacSph pan-stained tissue is found in

Supplementary Fig. 32.
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Figure 14: pacSph enables lipid membrane pan-staining of brain tissue in pan-ExM-t. a-c, perikaryon pan-stained
both with NHS ester (a) and pacSph (b) (overlay shown in c). d-I, magnified areas of the solid boxes in a-c showing

the two sides of ER tubules (magenta arrow; d-f), the dashed boxes in a-c showing a mitochondrion (green arrow) in
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contact with the ER (magenta arrow; g-i), and the dotted boxes in a-c showing the nuclear envelope (j-1). m,
mitochondria signal levels in tissue pan-stained with pacSph and not irradiated with UV (white; n = 35 measurements
from 5 FOVs in one independent experiment); pan-stained with pacSph and irradiated with UV before hydrogel
embedding (green; n =37 measurements from 5 FOVs in one independent experiment); and pan-stained with pacSph
and irradiated with UV after hydrogel embedding (pink; n = 39 measurements from 5 FOVs in one independent
experiment). ****: p<0.0001. n, chemical structure of pacSph. The probe is photocrosslinked via its diazirine group
(magenta) and labeled via its alkyne group (green). o-t, synapses pan-stained both with NHS ester (o, r) and pacSph
(p, s) (overlays shown in g, t). u-w, neuropil pan-stained both with NHS ester (u) and pacSph (v) (overlay shown in
w). X-cc, magnified areas of the solid (x, z, bb) and dashed (y, aa, cc) boxes in u-w showing synapses. dd-o00, neurites
and synapses pan-stained both with NHS ester (dd, gg, jj, mm) and pacSph (ee, hh, kk, nn) (overlays shown in ff, ii,
Il, 00). pp-rr, brain capillary pan-stained both with NHS ester (pp) and pacSph (qq) (overlay shown in rr). Green
arrows point to mitochondria. Gamma corrections: (a) y=0.7; (p, r, u, dd, gg, jj, mm, pp) y=0.5. All scale bars are
corrected for the expansion factor. Scale bars (a-c) 3 um, (d-i, dd-ii) 500 nm, (u-w) 2 um, (j-I, o-t, x-cc, jj-00) 250 nm,

(pp-rr) 1 pm

4.3. Discussion

Multiple ExXM techniques have been developed to image the subcellular protein distribution of
synaptic targets in brain tissue [6][8][9][10][11][78][106][127][119][222][223][224][225][226] as
well as map RNA transcripts within axons and dendrites in the brain [110]. An excellent review
can be found here [136]. However, capitalizing almost exclusively on antibody labeling, none of
these methods demonstrate correlative molecular and contextual imaging with synaptic resolution.
Notwithstanding the importance of specific protein imaging, we believe that sample expansion
presents a new opportunity to explore a new dimension of light microscopy inaccessible to optical
super-resolution techniques: one where the relative size of labels appears shrunken by the linear
expansion factor. In this context, the relative radius of a fluorescent dye (~ 1 nm) would approach
(~1 nm/20 = ~50 pm), which is comparable to the size of an osmium atom used in heavy metal

EM staining (~200 pm). Here, bulk fluorescence staining of decrowded neuropil would no longer
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be limited by the sampling and quenching restrictions of fluorescent dyes, and ultrastructural

details, previously accessible with only EM, can now be examined on standard light microscopes.

The data we present in this paper demonstrates that pan-ExM-t can clearly resolve molecular
targets in the context of brain tissue ultrastructure. By combining ~24-fold linear sample expansion
with novel pan-stainings, we were able to (1) resolve and identify synapses and their substructures
by their morphological characteristics, (2) localize protein markers to their subcellular
compartments, and (3) delineate cellular membranes.

We have shown that brain tissue structures such as neurons, glia, axons, dendrites, blood
capillaries, pericytes, the endothelium, basal bodies, as well as subcellular features like DPs, PSDs,
the cristae of mitochondria, ER tubules, myelin sheaths, multisynaptic boutons, spine necks, spine
apparatuses, and the cartwheel structure of centrioles can all be identified in the pan-stain channel
alone, analogous to classical EM techniques. We have also demonstrated, for the first time, that
chemical synapses can be distinguished in a light microscopic image by their characteristic protein
density patterns. These patterns could be characterized using the Gray classification established
for PTA and osmium stained synapses in EM [215][216]. Taking advantage of pan-ExM-t’s
strength of directly correlating synapse ultrastructure with immunolabeling against specific
proteins, we observed that Class 1 and Class 2, but not Class 3, synapses are positive for Homerl
and PSD-95, supporting the functional Gray synapse concept that synapses with dense PSDs are
likely excitatory. This example demonstrates our approach’s capability to map the molecular
makeup of different synapse types within the context of their distinct ultrastructural properties to
systematically explore synapse diversity and determine synapse sub-types that are vulnerable to

diseases.
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To achieve the highest ultrastructural preservation of tissue while maximizing sample expansion,
we have shown that it is important to optimize fixation and gelation parameters. NHS ester pan-
staining in this context serves as a readily accessible readout to assess the preservation and
retention of proteins. We have demonstrated that reducing interprotein crosslinking enables up to
26-fold expansion without resorting to protease treatments or harsh denaturation conditions. We
have also shown that hydrogels of high monomer concentrations (~30% w/v) and sufficient
crosslinker density (~0.1% w/v) must be used to ensure that proteins are adequately sampled by
the polymer matrix. In this context, it is not surprising that pan-ExM-t gels are stiffer than the gels
prepared using the original ExM protocol [6]. Moreover, we found that ECS preservation is
sensitive to the strength of fixatives used, with higher fixation resulting in lower ECS fractions. In
all cases, the ECS is significantly more prominent in pan-ExM-t than in EM, emphasizing that the
familiar appearance of tightly apposed neurites, typically seen in EM, is artifactual, and consistent
with a previous live-STED microscopy characterization of brain ECS [125].

In this work, we also explored the feasibility of imaging lipid membranes in 24-fold expanded
brain tissue sections. We believe that efforts to preserve the endogenous lipid content and probe it
after expansion are not necessarily productive. After all, since the free energy of lipid bilayers
must be minimized, we hypothesized that even if we were to avoid detergent extraction, lipid
membranes will eventually collapse into micelles following sample expansion. Our strategy was
therefore to imprint lipid membranes onto the hydrogel before mechanical homogenization of the
sample. We reasoned that the probe to-be-imprinted (1) had to be small to allow for maximum
stacking, (2) was positively charged to intercalate negatively charged phospholipid bilayers, and
(3) had the ability to be fixed onto neighboring proteins or the hydrogel itself in a mechanism that

is orthogonal to protein intra-crosslinking. We have shown in this work that pacSph, a
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photocrosslinkable and clickable sphingosine, fits these criteria, enabling neuronal membrane
imaging in tissue fixed only with formaldehyde. We were able to delineate cellular organelles,
synaptic anatomy, as well as membrane boundaries in neuropil. Our new contrast complements
our established protein pan-stain and will in the future help facilitate segmentation and neuronal
tracing algorithms for connectomics analysis.

Tracing lipid boundaries in neuropil using EM has enabled reconstruction of the neural wiring
diagrams of a 1,500 um3 volume in the mouse brain [133], the whole Drosophila larval mushroom
body [134], and more recently, the whole brain of Caenorhabditis elegans [135]. To date, however,
no light microscopy method has able to reconstruct a brain connectome, as these lack the ability
of EM to reveal the ultrastructure of cells and their compartments without selective staining.
Interestingly, one theoretical study supports the feasibility of reconstructing entire connectomes
using lipid membrane labeling and in-situ molecular barcoding in 20-fold expanded tissue [141].
Based on our data, however, we assert that capitalizing on protein (instead of membrane) pan-
staining in >20-fold expanded tissue is a more feasible step forward towards this goal. Our data
shows that it is more straightforward to detect cell boundaries by the absence of protein pan-
staining than it is to potentially reconstruct the membrane boundaries of very fine neural processes.
After all, proteins have been repeatedly shown to survive the expansion process, while lipids need
to be negatively imprinted onto the expansion hydrogel first, making this latter process inherently
limited by pre-expansion sampling restrictions. Nevertheless, while we did not reconstruct neural
connectivity in this work, we were able to resolve individual neighboring neurites and distinguish
pre- and post-synaptic compartments, laying the groundwork to computational tracing of neurons.

We envision that combining pan-ExM-t with microscopes optimized for high-resolution and large
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field of view imaging with molecular optical barcoding techniques that are nucleic acid- [142] or
protein-based [143] will revolutionize this active area of research.

Like in the early days of EM, we believe that future optimizations will be imperative to enhance
this work. Sample fixation could be further improved, lipid pan-staining would benefit from
systematic optimizations, and more experiments could be designed to characterize the multitude
of ultrastructural patterns revealed by pan-stainings. However, our core concept holds true
regardless: that with adequate sample preservation and expansion, pan-staining brings light
microscopy to the realm of ultrastructural context imaging.

No longer in the dark, we now see the brain in its complex makeup, the totality of its diverse neural
processes: from the microstructures of cells and neuropil down to synaptic densities. No longer in
the void, fluorescing antigens are now localized to their nanoscopic compartments, providing

functional information to the structures they embody.

4.4. Methods

Key resources table

Please see Supplementary Tables 1-5 for an overview of the reagents and materials used in this

work.

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact,

Joerg Bewersdorf (joerg.bewersdorf@yale.edu).
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Materials availability

This study did not generate any new materials.
Neuron culture

Rat neuron cultures used to generate NHS ester and anti-Synaptophysin images were cultured as
follows: hippocampal CA3-CA1 regions were isolated and dissected from E18 Sprague Dawley
Rats (Charles River Laboratories) in the presence of chilled hibernate E media (BrainBits).
Hippocampal neurons were then incubated at 37°C for 25 minutes in 0.25% trypsin (Corning;
catalog no. 25-053 CI) and immediately washed with DMEM (Thermofisher; catalog no. 11965—
118) containing 10% fetal bovine serum (Thermofisher; catalog no. 16000044). Following
trypsinization, hippocampi were triturated and immediately plated in DMEM containing 10% fetal
bovine serum on poly-D-lysine (Thermofisher; catalog no. ICN10269491) coated 18 mm glass
coverslips (Warner instruments; catalog no. 64-0734 [CS-18R17]). After 1 hour of incubation at
37°C, DMEM was removed and replaced with Neurobasal-A (Thermofisher; catalog no. 10888—
022) medium containing 2% B-27 (Thermofisher; catalog no. 17504001) and 2 mM Glutamax

(Gibco; catalog no. 35050061). Experiments were performed 15-17 days after plating.

Mouse hippocampal cultures used to generate 5-fold expansion images were performed on BalbC
PO pups, in accordance with IACUC protocol number 2019-07912. Hypothermia was induced in
pups using ice, followed by decapitation and hippocampal dissection. Hippocampi were
dissociated using 200 units Papain (Worthington LS003124, 200 units) for 40 minutes at 37°C.
Neurons were triturated and plated onto 12 mm Poly-D-lysine coated coverslips in a 24 well dish
at a density of 150,000 cells per well in Neurobasal/B27 Plus media (Thermo-Fisher; catalog no.

A3653401) supplemented with 10% FBS and 1% Penicillin/Streptomycin (Thermo-Fisher; catalog
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no. 15140163). Following 3 hours of incubation at 37°C and 5% CO2, the media was replaced
with Neurobasal/B27 Plus media (Thermo-Fisher; catalog no. A3653401) supplemented with 1%
Penicillin/Streptomycin (Thermo-Fisher; catalog no. 15140163)). Fixation was performed at DIV

14-15,
Experimental models

Brain tissue experiments were conducted in 4 wild-type (C57BL/6) adult male mice and 1 Thy1-

EGFP mouse (4-8 weeks), obtained from the Jackson Laboratory.
Neuron fixation

Neurons immunolabeled with Homer1, Bassoon, or PDS-95 were fixed with 4% formaldehyde in
1x PBS (Thermofisher; catalog no. 10010023) for 15 min at RT. Neurons immunolabeled with
Synaptophysin were fixed with 3% FA and 0.1% glutaraldehyde in 1x PBS for 15 min at RT.
Images showing nucleoids in mitochondria were from samples fixed with 3% FA + 0.1% GA in
1x PBS for 15 min at RT. Images showing centrioles and NPCs were from samples fixed with 4%
FA in 1x PBS for 15 min at RT. After fixation, all samples were rinsed three times with 1x PBS
and processed according to the pan-ExM protocol immediately after. Formaldehyde (FA; catalog
no. 15710) and glutaraldehyde (GA; catalog no. 16019) were purchased from Electron Microscopy

Sciences.
Brain perfusion

All experiments were carried out in accordance with National Institutes of Health (NIH) guidelines

and approved by the Yale IACUC.
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All wild-type (C57BL/6) adult male mice were between P30 and P35 and maintained in the
vivarium with a 12-h light-dark cycle, stable temperature at 22 + 1 °C and humidity between 20
and 50%. Mice were transcardially perfused first with ice-cold 1x PBS and then with either 4%
FA, 4% FA + 0.1% FA, or 4% FA + 20% acrylamide (AAm; Sigma; catalog no. A9099) (all in 1x
PBS, pH 7.4). Brains were isolated and post-fixed overnight in the same perfusion solution at 4 °C.
Brains were subsequently washed and stored in PBS at 4 °C. Brains were mounted in ice-cold PBS
and coronally sectioned at 70 um using a vibrating microtome (Vibratome 1500, Harvard
Apparatus). Medial hippocampal slices were selected and washed four times for 15 min in PBS at

room temperature. Sections were stored in PBS at 4 °C for up to 3 months.

Thyl-EGFP mouse was anesthetized with ketamine (100 mg/kg, Butler Schein: 9952949) and
xylazine (10 mg/kg, Akorn: NDC 59399-110-20) in saline (Hudson RCI: 200-59). The mouse was
transcardially perfused first with ice cold 1x PBS (Fisher; BP2944-100) and then with 4% FA (J.T.
Baker; S898-07) + 20% AAm in 1x PBS, pH 7.4. Brain was isolated and postfixed overnight in
4% FA + 20% AAm in 1x PBS at 4°C. Brain was then washed in PBS and coronally sectioned at
70 wm using vibrating microtome (Leica VT1000, Leica Biosystems, Nussloch, Germany).
Sections were stored in 1x PBS with 0.01% sodium azide (Sigma-Aldrich, St. Louis, MO) at 4°C

for up to 3 months.

pan-ExM-t reagents

Acrylamide (AAm; catalog no. A9099), N,N’-methylenebis(acrylamide) (BIS; catalog no.
146072) were purchased from Sigma-Aldrich. N,N'-(1,2-Dihydroxyethylene)bisacrylamide
(DHEBA) was purchased from Sigma-Aldrich (catalog no. 294381) and Santa Cruz

Biotechnologies (catalog no. sc-215503), with the latter being of better purity. Sodium acrylate
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(SA) was purchased from both Sigma Aldrich (catalog no. 408220) and Santa Cruz
Biotechnologies (catalog no. sc-236893C). To verify that SA was of acceptable purity, 38% (w/v)
solutions were made in water and checked for quality as previously reported [37]. Only solutions
that were light yellow were used. Solutions that were yellow and/or had a significant precipitate
were discarded. Solutions with a minimum precipitate were centrifuged at 4000 rpm for 5 min and
the supernatant was transferred to a new bottle and stored at 4 °C until use. Ammonium persulfate
(APS) was purchased from both American Bio (catalog no. AB00112) and Sigma-Aldrich (catalog
no. A3678). N,N,N',N'-tetramethylethylenediamine (TEMED; catalog no. AB02020) was
purchased from American Bio. 10X phosphate buffered saline (10X PBS; catalog no. 70011044)
was purchased from Thermofisher. Sodium Dodecyl Sulfate (SDS; catalog no. AB01922) was
purchased from American Bio and Guanidine hydrochloride (G-HCI; catalog no. G3272) was

purchased from Sigma-Aldrich
pan-ExM gelation chamber for dissociated neurons

The gelation chamber was constructed using a glass microscope slide (Sigma-Aldrich, catalog no.
S8400) and two spacers, each consisting of a stack of two no. 1.5 22 x 22 mm coverslips (Fisher
Scientific, catalog no. 12-541B). The spacers were superglued to the microscope slide on both
sides of the neuron-adhered coverslip, with this latter coverslip glued in between. A no. 1.5
22 x 22 mm coverslip was used as a lid after addition of the gel solution. This geometry yielded an

initial gel thickness size of ~170 pm.
pan-ExM-t gelation chamber for brain tissue sections

The gelation chamber was constructed using a glass microscope slide (Sigma-Aldrich, catalog no.

S8400) and two spacers, each consisting of one no. 1.5 22 x 22 mm coverslip (Fisher Scientific,
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catalog no. 12-541B). The spacers were superglued to the microscope slide spaced ~ 1 cm from
one another. After incubation in activated first expansion gel solution (as described below in First
round of expansion for brain tissue sections), the 70 um-thick brain tissue section was placed and
flattened on an additional no. 1.5 22 x 22 mm coverslip which was used as a chamber lid after
addition of more activated first expansion gel solution on the microscope slide in-between the

spacers. This geometry yielded an initial gel thickness size of ~170 um.
First round of expansion for dissociated neurons

Neurons, previously fixed as described in the Neuron fixation section, were incubated in post-
fixation solution (0.7% FA + 1% AAm (w/v) in 1x PBS) for 67 h at 37 °C. Next, the neurons
were washed twice with 1x PBS for 10 min each on a rocking platform and embedded in the first
expansion gel solution (18.5% (w/v) SA +10% AAm (w/v) + 0.1% (w/v) DHEBA + 0.25% (v/v)
TEMED + 0.25% (w/v) APS in 1x PBS). Gelation proceeded for 10-15 min at room temperature
(RT) and then for 1.5h at 37 °C in a humidified chamber. Coverslips with hydrogels were then
incubated in ~4 mL denaturation buffer (200 mM SDS + 200 mM NaCl + 50 mM Tris in MilliQ
water, pH 6.8) in 6-well plates for 45 min at 37 °C. Gels were then transferred to denaturation
buffer-filled 1.5 mL Eppendorf tubes and incubated at 73 °C for 1 h. Next, the gels were washed
twice with PBS for 20 min each and stored in PBS overnight at 4 °C. Gels were then cut and placed
in 6-well plates filled with MilliQ water for the first expansion. Water was exchanged twice every
30 min and once for 1 h. Gels expanded between 4.0 and 4.5% according to SA purity (see pan-

ExM-t reagents).

First round of expansion for brain tissue sections
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Brain tissue, previously fixed and sectioned to 70 um as described in the Brain perfusion section,
were first incubated in inactivated first expansion gel solution (19% (w/v) SA +10% AAm (w/v)
+ 0.1% (w/v) DHEBA in 1x PBS) for 30-45 min on ice and then in activated first expansion gel
solution (19% (w/v) SA+10% AAm (w/v) + 0.1% (w/v) DHEBA +0.075% (v/v)
TEMED + 0.075% (w/v) APS in 1x PBS) for 15-20 min on ice before placing in gelation chamber.
The tissue sections were gelled for 15 min at RT and 2 h at 37 °C in a humidified chamber. Next,
the tissue-gel hybrids were peeled off of the gelation chamber and incubated in ~4 mL denaturation
buffer (200 mM SDS +200 mM NaCl + 50 mM Tris in MilliQ water, pH 6.8) in 6-well plates for
15 min at 37 °C. Gels were then transferred to denaturation buffer-filled 1.5 mL Eppendorf tubes
and incubated at 75 °C for 4 h. The gels were washed twice with 1x PBS for 20 min each and once
overnight at RT. Gels were optionally stored in 1x PBS at 4 °C. The samples were then placed in
6-well plates filled with MilliQ water for the first expansion. Water was exchanged three times

every 1 h. Gels expanded between ~5% according to SA purity (see pan-ExM-t reagents).
Re-embedding in neutral hydrogel

Expanded hydrogels (of both dissociated neuron and tissue samples) were incubated in fresh re-
embedding neutral gel solution (10% (w/v) AAm + 0.05% (w/v) DHEBA+0.05% (v/v)
TEMED + 0.05% (w/v) APS) two times for 20 min each on a rocking platform at RT. Immediately
after, the residual gel solution was removed by gentle pressing with Kimwipes. Each gel was then
sandwiched between one no. 1.5 coverslip and one glass microscope slide. Gels were incubated
for 1.5h at 37 °C in a nitrogen-filled and humidified chamber. Next, the gels were detached from
the coverslips and washed two times with 1x PBS for 20 min each on a rocking platform at RT.
The samples were stored in 1x PBS at 4 °C. No additional post-fixation of samples after the re-

embedding step was performed.
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Second round of expansion

Re-embedded hydrogels (of both dissociated neuron and tissue samples) were incubated in fresh
second hydrogel gel solution (19% (w/v) SA + 10% AAm (w/v) + 0.1% (w/v) BIS + 0.05% (v/v)
TEMED + 0.05% (w/v) APS in 1x PBS) two times for 15 min each on a rocking platform in 4 °C.
Each gel was then sandwiched between one no. 1.5 coverslip and one glass microscope slide. Gels
were incubated for 1.5 h at 37 °C in a nitrogen-filled and humidified chamber. Next, to dissolve
DHEBA, gels were detached from the coverslips and incubated in 200 mM NaOH for 1 h on a
rocking platform at RT. Gels were afterwards washed three to four times with 1x PBS for 30 min
each on a rocking platform at RT or until the solution pH reached 7.4. The gels were optionally
stored in 1x PBS at 4 °C. Subsequently, the gels were labeled with antibodies and pan-stained with
NHS ester dyes. Finally, the gels were placed in 6-well plates filled with MilliQ water for the
second expansion. Water was exchanged at least three times every 1 h at RT. Gels expanded ~
4.5x according to SA purity (see pan-ExM-t Reagents) for a final expansion factor of ~16x

(dissociated neurons) and ~24x (brain tissue).
Antibody labeling of neurons post-expansion

Samples immunolabeled with Homer1, Bassoon, and PSD-95 were fixed with 4% FA in 1x PBS
for 15 min as described in the Neuron fixation section, processed with pan-ExM, and incubated
overnight (~15 h) with monoclonal anti-Homerl antibody (abcam, catalog no. ab184955),
monoclonal anti-Bassoon antibody (abcam, catalog no. ab82958), or monoclonal anti-PSD-95
antibody (antibodiescinc, catalog no. 75-028) diluted 1:500 in antibody dilution buffer (0.05% TX-
100 + 0.05% NP-40 + 0.2% BSA in 1x PBS). All primary antibody incubations were performed

on a rocking platform at 4 °C. Gels were then washed with 0.1% (v/v) TX-100 in 1x PBS twice
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for 20 min each on a rocking platform at RT and once overnight (~15 h) at 4 °C. Next, samples
were incubated overnight with ATTO594-conjugated anti-mouse antibodies (Sigma-Aldrich,
catalog no. 76085) or ATTO594-conjugated anti-rabbit antibodies (Sigma-Aldrich, catalog no.
77671) diluted 1:500 in antibody dilution buffer. All secondary antibody incubations were
performed on a rocking platform at 4 °C. The gels were subsequently washed in 0.1% (v/v) TX-
100 in 1x PBS twice for 20 min each at RT and once overnight at 4 °C. Gels were stored in PBS
at 4 °C until subsequent treatments. Bovine serum albumin (BSA,; catalog no. 001-000-162) was
purchased from Jackson ImmunoResearch and NP-40 (catalog no. T8786) and Triton X-100 (TX-

100; catalog no. T8787) was purchased from Sigma-Aldrich.

Samples immunolabeled with both Homerl and Bassoon simultaneously were fixed with 4% FA
in 1x PBS for 15 min as described in the Neuron fixation section, processed with pan-ExM, and
incubated overnight (~15 h) with both monoclonal anti-Homerl antibody (abcam, catalog no.
ab184955) and monoclonal anti-Bassoon antibody (abcam, catalog no. ab82958) diluted 1:500 in
antibody dilution buffer (0.05% TX-100 + 0.05% NP-40 + 0.2% BSA in 1x PBS). Primary
antibody incubations were performed on a rocking platform at 4 °C. Gels were then washed with
0.1% (v/v) TX-100 in 1x PBS twice for 20 min each on a rocking platform at RT and once
overnight (~15 h) at 4 °C. Next, samples were incubated overnight (~15 h) with both ATTO594-
conjugated anti-rabbit antibodies (Sigma-Aldrich, catalog no. 77671) and ATTO647N-conjugated
anti-mouse antibodies (Sigma-Aldrich, catalog no. 50185) diluted 1:500 in antibody dilution
buffer. Secondary antibody incubations were performed on a rocking platform at 4 °C. The gels
were subsequently washed in 0.1% (v/v) TX-100 in 1x PBS twice for 20 min each at RT and once

overnight at 4 °C. Gels were stored in PBS at 4 °C until subsequent treatments.
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Samples immunolabeled with Synaptophysin were fixed with 3% FA + 0.1% GA 1x PBS as
described in the Neuron fixation section, processed with pan-ExM, and incubated for ~36-40 h at
37° C with rabbit anti-synaptophysin (Cell signaling technology, catalog no. 36406) diluted 1:250
in antibody dilution buffer (2% (w/v) BSA in 1x PBS). Gels were then washed in PBS-T (0.1%
(v/v) Tween 20 in 1x PBS) three times for 20 min each on a rocking platform at RT. Next, samples
were incubated for ~16-20 h at 37°C with donkey anti-rabbit CF568 (Biotium, catalog no. 20098)
diluted 1:250 in antibody dilution buffer. The gels were washed in PBS-T three times for 20 min

each at RT each before subsequent pan-staining.
Antibody labeling of brain tissue samples post-expansion

Brain tissue samples immunolabeled with Homer1, Bassoon, PSD-95, and Synaptophysin were
previously fixed with 4% FA + 20% AAm in 1x PBS overnight at 4 °C and sectioned to 70 um as
described in the Brain perfusion section. Next, they were washed three times with 1x PBS for
30 min each on a rocking platform at RT and processed with the pan-ExM-t protocol with this
modification: the monomer composition of the second expansion hydrogel was 10% (w/v) AAm
+ 9% SA (w/v). Samples were subsequently incubated for ~30 h with monoclonal anti-Homerl
antibody (abcam, catalog no. ab184955), monoclonal anti-Bassoon antibody (abcam, catalog no.
ab82958), monoclonal anti-PSD-95 antibody (antibodiescinc, catalog no. 75-028), or anti-
Synaptophysin antibody (SYSY, catalog no. 101 011) diluted 1:250 in antibody dilution buffer
(0.05% TX-100 + 0.05% NP-40 + 0.2% BSA in 1x PBS). All primary antibody incubations were
performed on a rocking platform at 4 °C. Next, samples were incubated for ~30 h with ATTO594-
conjugated anti-mouse antibodies (Sigma-Aldrich, catalog no. 76085) or ATTO594-conjugated
anti-rabbit antibodies (Sigma-Aldrich, catalog no. 77671) diluted 1:250 in antibody dilution buffer.

Gels were then washed in 0.1% (v/v) TX-100 in 1x PBS four times for 30 min to 1 h each on a
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rocking platform at RT and once overnight at 4 °C. All secondary antibody incubations were
performed on a rocking platform at 4 °C. The gels were subsequently washed in 0.1% (v/v) TX-
100 in 1x PBS four times for 30 min to 1 h each on a rocking platform at RT and once overnight

at 4 °C. Gels were stored in PBS at 4 °C until subsequent treatments.

Brain tissue samples immunolabeled with GFAP, MBP, and GFP were previously fixed with 4%
FA +20% AAm in 1x PBS overnight at 4 °C and sectioned to 70 um as described in the Brain
perfusion section. Next, they were washed three times with 1x PBS for 30 min each on a rocking
platform at RT and processed with the pan-ExM-t protocol. Samples were subsequently incubated
for ~30 h with polyclonal anti-GFAP antibody (Thermofisher, catalog no. PA1-10019),
monoclonal anti-MBP (BioLegend, catalog no. 808401), or polyclonal anti-GFP (Thermofisher,
catalog no. A-1122) diluted 1:500 in antibody dilution buffer (0.05% TX-100 + 0.05% NP-40 +
0.2% BSA in 1x PBS). All primary antibody incubations were performed on a rocking platform at
4 °C. Gels were then washed in 0.1% (v/v) TX-100 in 1x PBS four times for 30 min to 1 h each
on a rocking platform at RT and once overnight at 4 °C. Next, samples were incubated for ~30 h
with ATTO594-conjugated anti-mouse antibodies (Sigma-Aldrich, catalog no. 76085) or
ATTO594-conjugated anti-rabbit antibodies (Sigma-Aldrich, catalog no. 77671) diluted 1:500 in
antibody dilution buffer. Gels were then washed in 0.1% (v/v) TX-100 in 1x PBS four times for
30 min to 1 h each on a rocking platform at RT and once overnight at 4 °C. All secondary antibody
incubations were performed on a rocking platform at 4 °C. The gels were subsequently washed in
0.1% (v/v) TX-100 in 1x PBS four times for 30 min to 1 h each on a rocking platform at RT and

once overnight at 4 °C. Gels were stored in PBS at 4 °C until subsequent treatments.

NHS ester pan-staining of neurons
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After antibody labeling, gels were incubated for 1.5h with 20 pg/mL. NHS ester-ATTO532
(Sigma-Aldrich, catalog no. 88793) (Homerl, Bassoon, PSD-95, centriole, and NPC samples), or
20 pg/mL NHS ester-ATTO488 (Sigma-Aldrich, catalog no. 41698) (Synaptophysin samples), or
20 pg/mL NHS ester-ATTO594 (Sigma-Aldrich, catalog no. 08741) (mitochondria samples),
dissolved in 100 mM sodium bicarbonate solution (Sigma-Aldrich, catalog no. SLBX3650) on a
rocking platform at RT. The gels were subsequently washed four to six times in either 1x PBS or

PBS-T for 20 min each on a rocking platform at RT.
NHS ester pan-staining of brain tissue sections

Gels were incubated for 2 h with either 30 pg/mL NHS ester-ATTO594 (Sigma-Aldrich, catalog
no. 08741) (ultrastructural samples in Fig. 11) or 30 ug/mL NHS ester-ATTO532 (Sigma-Aldrich,
catalog no. 88793) (all immunolabeled and lipid-stained samples), dissolved in 100 mM sodium
bicarbonate solution on a rocking platform at RT. The gels were subsequently washed four to six

times in either 1x PBS or PBS-T for 20 min each on a rocking platform at RT.
Palmitate pan-staining of neurons

Live and dissociated 80%-confluent hippocampal neurons were incubated with 50 uM azide-
functionalized palmitate (Thermofisher, catalog no. C10265) diluted in delipidated medium
(DMEM + 10% charcoal-stripped FBS; Thermofisher, catalog no. A3382101) for 5 h at 37 °C and
5% CO2. Next, the neurons were fixed with 3% FA +0.1% GA in 1x PBS for 15 min at RT and
processed according to the pan-ExM protocol. Prior to NHS ester pan-staining with ATTO532 ,
CUAAC (Copper(l)-catalyzed Azide-Alkyne Cycloaddition) was performed using the Click-iT
Cell Reaction Buffer Kit (Thermo Fisher, catalog no. C10269) according to manufacturer

instructions. Alkyne-functionalized ATTO590 dye (Sigma-Aldrich, catalog no. 93990) was used
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at a concentration of 5 uM. After CuAAC, the gels were washed twice with 2% (w/v) delipidated
BSA (Sigma Aldrich, catalog no. A4612) in 1x PBS for 20 min each on a rocking platform at RT

and twice with 1x PBS for 20 min each at RT.
SYTOX Green staining post-expansion

pan-ExM and pan-ExM-t processed gels were incubated with SYTOX Green (Invitrogen, catalog
no. S7020) diluted 1:5,000 (dissociated neuron samples) and 1:3,000 (brain tissue samples) in 1x
PBS for 30 min on a rocking platform at RT. The gels were then washed three times with PBS-T

for 20 min each on a rocking platform at RT.
pan-ExM and pan-ExM-t sample mounting

After expansion, the gels were mounted on glass-bottom dishes (35 mm; no. 1.5; MatTek). A clean
18-millimeter diameter coverslip (Marienfeld, catalog no. 0117580) was put on top of the gels
after draining excess water using Kimwipes. The samples were then sealed with two-component
silicone glue (Picodent Twinsil, Picodent, Wipperfurth, Germany). After the silicone mold

hardened (typically 15-20 min), the samples were stored in the dark at 4 °C until they were imaged.
Image acquisition

All confocal images were acquired using a Leica SP8 STED 3X equipped with a SuperK Extreme
EXW-12 (NKT Photonics) pulsed white light laser as an excitation source and a Onefive Katana-
08HP pulsed laser as depletion light source (775-nm wavelength). Images were acquired using
either an HC FLUOTAR L 25x/0.95 NA water objective, APO 63x/1.2 NA water objective, or an
HC PL APO 86x/1.2 NA water CS2 objective. Application Suite X software (LAS X; Leica
Microsystems) was used to control imaging parameters. ATTO532 was imaged with 532-nm
excitation. ATTO594 was imaged with 585-nm excitation. CF568 was imaged with 568-nm
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excitation. ATTO647N was imaged with 647-nm excitation. ATTO488 and SYTOX Green were

imaged with 488-nm excitation.
Image processing

Images were visualized, smoothed, gamma-, and contrast-adjusted using FIJI/ImageJ software.
STED and confocal images were smoothed for display with a 0.4 to 1.5-pixel sigma Gaussian blur.

Minimum and maximum brightness were adjusted linearly for optimal contrast.

All line profiles were extracted from the images using the Plot Profile tool in FIJI/ImageJ. Stitching

of tiled images was performed using the Pairwise Stitching tool in Fl1JI/ImageJ.
Neuron expansion factor calculation

Images of hippocampal mouse and rat neuron cell nuclei in non-expanded and pan-ExM expanded
samples stained with SYTOX Green (1:5,000) were acquired with a Leica SP8 STED 3X
microscope using a HCX PL Fluotar 10x/0.30 dry objective. Average nuclear cross-sectional areas
were determined using FIJI/ImageJ software. To calculate the expansion factor, the average
nuclear cross-sectional area in pan-ExM samples was divided by the average nuclear cross-
sectional area of non-expanded samples. The square root of this ratio represents an estimate of the
linear expansion factor. For nuclei cross-section measurements in pan-ExM samples, 38 nuclei
were analyzed from 4 independent experiments. For nuclei cross-section measurements in non-

expanded samples, 279 nuclei were analyzed from 4 independent experiments.

Using 2-pixel thick line profiles in FIJI, the peak-to-peak distances between the intensity
distributions of the dense projection (DP) and postsynaptic density (PSD) NHS ester signals in the
same samples were measured and divided by the nuclear expansion factor determined above. For

this measurement, 44 line profiles were drawn from 4 independent experiments. The DP-PSD
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value was determined to be 81.9 nm and was used to convert DP-PSD measurements to expansion

factors in all subsequent experiments. Results are summarized in Fig. 10n.
General neuron and brain tissue expansion factor calculation

Using 2-pixel thick line profiles in FIJI, the peak-to-peak distances between the intensity
distributions of the DP and PSD NHS ester signals were measured and divided by 81.9 nm, the

DP-PSD length determined in Neuron expansion factor calculation.
Distance between individual DPs calculation

Using 2-pixel thick line profiles in FIJI, the peak-to-peak distances between the intensity
distributions of individual dense projections (DPs) were measured and divided by the determined
expansion factor. For this measurement, 78 line profiles were drawn from 41 synapses in 6

independent experiments. Results are summarized in Fig. 100.
Measurements of synaptic protein distributions in neurons

Using 2-pixel thick line profiles in FIJI, the peak-to-peak distances between the intensity
distributions between Homerl and PSD, PSD-95 and DP, and Bassoon and PSD were measured
and divided by the determined experiment expansion factor. For Bassoon-PSD measurements in
neurons, 50 line profiles were drawn from 3 independent samples. For Homer1-DP measurements
in neurons, 85 line profiles were drawn from 4 independent samples. For PSD95-DP measurements
in neurons, 25 line profiles were drawn from 2 independent samples. Results are summarized in

Fig. 10p-s.

Measurement of anti-Homer1 signal across dilution factors
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Neuron samples were labeled with anti-Homer1 primary antibody and ATTO594-conjugated anti-
rabbit antibodies as described in Antibody labeling of neurons post-expansion with this
modification: Samples were labeled with primary and secondary antibodies both diluted 1:250 or

1:500 or 1:1000.

Relative protein retention was measured by comparing the peak intensity of Homerl ATTO504
signal from 2-pixel thick line profiles in FIJI drawn across the punctate signal. For 1:250
measurements, 45 peak intensities were recorded from 7 FOVs. For 1:500 measurements, 13 peak
intensities were recorded from 3 FOVs. For 1:1000 measurements, 6 peak intensity measurements

were recorded from 1 FOV. Results are summarized in Supplementary Fig. 7j.
Assessment of fixation effects in brain tissue ultrastructural preservation

Fix-1 brain tissue samples were previously fixed with 4% FA in 1x PBS overnight at 4 °C and
sectioned to 70 um as described in the Brain perfusion section. Next, they were washed three
times with 1x PBS for 30 min each on a rocking platform at RT and processed with the pan-ExM-
t protocol. Fix-2 brain tissue samples were previously fixed with 4% FA in 1x PBS overnight at
4 °C and sectioned to 70 um as described in the Brain perfusion section. Next, they were post-
fixed in 0.7% FA + 1% AAm in 1x PBS for 7 h at 37 °C, washed three times with 1x PBS for
30 min each on a rocking platform at RT, and processed with the pan-ExM-t protocol. Fix-3 brain
tissue samples were previously fixed with 4% FA in 1x PBS overnight at 4 °C and sectioned to 70
pm as described in the Brain perfusion section. Next, they were post-fixed in 4% FA + 20% AAmM
in 1x PBS for 7 h at 37 °C, washed three times with 1x PBS for 30 min each on a rocking platform
at RT, and processed with the pan-ExM-t protocol. Fix-4 brain tissue samples were previously
fixed with 4% FA + 0.1% GA in 1x PBS overnight at 4 °C and sectioned to 70 um as described in
the Brain perfusion section. Next, they were post-fixed in 4% FA + 20% AAm in 1x PBS for 12
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h at 4°C, washed three times with 1x PBS for 30 min each on a rocking platform at RT, and
processed with the pan-ExM-t protocol. Fix-5 brain tissue samples were previously fixed with 4%
FA in 1x PBS overnight at 4 °C and sectioned to 70 um as described in the Brain perfusion
section. Next, they were treated with 0.1 mg/mL acryloyl-X, SE (AcX; Thermofisher, catalog no.
A20770) in 1x PBS for 3 h at RT, washed three times with 1x PBS for 30 min each on a rocking
platform at RT, and processed with the pan-ExM-t protocol. Fix-6 brain tissue was previously
fixed with 4% FA +20% AAm in 1x PBS overnight at 4 °C and sectioned to 70 um as described
in the Brain perfusion section. Next, they were washed three times with 1x PBS for 30 min each

on a rocking platform at 4°C and processed with the pan-ExM-t protocol.

Expansion factors were calculated as described in the General neuron and brain tissue
expansion factor calculation section. For Fix-2 DP-PSD measurements, 38 line profiles were
drawn from 6 FOVs. For Fix-3 DP-PSD measurements, 81 line profiles were drawn from 9 FOVs.
For Fix-4 DP-PSD measurements, 77 line profiles were drawn from 8 FOVs. For Fix-5 DP-PSD
measurements, 74 line profiles were drawn from 9 FOVs. For Fix-6 DP-PSD measurements, 254
line profiles were drawn from 10 FOVs in 3 independent experiments. Results are summarized in

Supplementary Fig. 12.

To calculate the ECS + lipid membrane (ECS+) fraction, ~250 x 250 pm2 large-FOV images that
show predominantly neuropil pan-stained with NHS ester, were processed with a Gaussian blur of
1 sigma (Fix-1, Fix-2 and Fix-5) or 0.5 sigma (Fix-3, Fix-4 and Fix-6) in Fiji. A mask created with
manual thresholding was used to exclude large gaps in the image that do not represent neurites.
The images were then thresholded using the Otsu method with 100%, 70%, 50%, and 30% of the
automatically determined threshold. The ECS+ fraction was calculated by dividing the total

thresholded pixels by the total area represented by the masked pixels. For Fix-2, 8 FOVs from 1
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independent experiment were processed. For Fix-3, 8 FOVs from 1 independent experiment were
processed. For Fix-4, 8 FOVs from 1 independent experiment were processed. For Fix-5, 8 FOVs
from 1 independent experiment were processed. For Fix-6, 14 FOVs from 3 independent

experiments were processed. Results are summarized in Supplementary Fig. 13.
Assessment of denaturation effects in brain tissue expansion factor

Denat-4, Denat-6, and Denat-8 brain tissue samples were previously fixed with 4% FA + 20%
AAm in 1x PBS overnight at 4 °C and sectioned to 70 um as described in the Brain perfusion
section. Next, they were washed three times with 1x PBS for 30 min each on a rocking platform
at RT and processed with the pan-ExM-t protocol with these modifications: Denat-6 samples were

denatured for 6 h and Denat-8 samples were denatured for 8 h.

Expansion factors were calculated as described in the General neuron and brain tissue
expansion factor calculation section. For Denat-4 DP-PSD measurements, 50 line profiles were
drawn from 3 FOVs. For Denat-6 DP-PSD measurements, 42 line profiles were drawn from 3
FOVs. For Denat-8 DP-PSD measurements, 100 line profiles were drawn from 3 FOVs. Results

are summarized in Supplementary Fig. 14.

Relative protein retention was measured by comparing the peak intensity of DP NHS ester signal
from 2-pixel thick line profiles in FIJI. For Denat-4 measurements, 50 DP peak intensities were
recorded from 3 FOVs. For Denat-6 measurements, 42 DP peak intensities were recorded from 3
FOVs. For Denat-8 measurements, 48 DP peak intensity measurements were recorded from 3
FOVs. The intensity values were multiplied by the cube of the expansion factor determined for

every denaturation condition. Results are summarized in Supplementary Fig. 14.
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Assessment of SA monomer concentration effects in brain tissue preservation

19SA/19SA, 19SA/9SA, 9SA/19SA, and 9SA/9SA brain tissue samples were previously fixed with
4% FA +20% AAm in 1x PBS overnight at 4 °C and sectioned to 70 um as described in the Brain
perfusion section. Next, they were washed three times with 1x PBS for 30 min each on a rocking
platform at RT and processed with the pan-ExM-t protocol with these modifications: the monomer
composition of the second expansion hydrogel in 19SA/9SA samples was 10% (w/v) AAm + 9%
SA (w/v); the monomer composition of the first expansion hydrogel in 9SA/19SA samples was
10% (w/v) AAm + 9% SA (w/v); and the monomer composition of the first and second expansion

hydrogels in 9SA/9SA samples was 10% (w/v) AAm + 9% SA (w/v).

Expansion factors were calculated as described in the General neuron and brain tissue
expansion factor calculation section. For 19SA/19SA DP-PSD measurements, 254 line profiles
were drawn from 10 FOVs in 3 independent experiments. For 19SA/9SA DP-PSD measurements,
267 line profiles were drawn from 12 FOVs in 2 independent experiments. For 9SA/19SA DP-PSD
measurements, 88 line profiles were drawn from 6 FOVs in 2 independent experiments. For
9SA/9SA DP-PSD measurements, 86 line profiles were drawn from 6 FOVs in 2 independent

experiments. All results are summarized in Supplementary Fig. 20e.
Measurement of synaptic protein distributions in brain tissue

Using 2-pixel thick line profiles in FlJI, the peak-to-peak distances between the intensity
distributions between Homerl and PSD, PSD-95 and DP, and Bassoon and PSD were measured
and divided by the determined experiment expansion factor. For Homerl-DP measurements in
brain tissue, 120 line profiles were drawn from 5 FOVs in 2 independent experiments. For PSD-

95-DP measurements in brain tissue, 113 line profiles were drawn from 3 FOVs in one independent
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experiment. For Bassoon-PSD measurements in brain tissue, 74 line profiles were drawn from 3

FOVs in one independent experiment. Results are summarized in Fig. 12000-rrr.

Measurement of BDP signal in 4-fold expanded brain tissue across fixation

conditions

To compare the effect of fixation on lipid retention, brain tissue was fixed with either 4% FA in
1x PBS (FA-fix) or 4% FA+ 0.1% GA in 1x PBS (FA/GA-fix) overnight at 4 °C and sectioned to
70 pm as described in the Brain perfusion section. Several FA/GA-fix tissue sections were post-
fixed with 0.01% osmium tetroxide in 1x PBS for 1h at RT (FA/GA/OsO4-fix), washed three times
with 1x PBS at RT, and stored in 4 °C until subsequent treatment. All tissue sections were post-
fixed in 4% FA + 20% AAm in 1x PBS for 15 h at 4 °C, washed three times with 1x PBS for
30 min each on a rocking platform at 4°C, and processed only with the First round of expansion
for brain tissue protocol with this modification: tissue sections were denatured in SDS buffer for
1 h. For NHS ester pan-staining, gels were incubated with 10 pg/mL NHS ester ATTO532 (Sigma-
Aldrich, catalog no. 88793) in 1x PBS for 30 min on a rocking platform at RT and washed three
times with 1x PBS for 30 min each. For BDP pan-staining, gels were incubated with 10 uM
BODIPY TR Methyl Ester (Thermofisher, catalog no. C34556) in 1x PBS for 1 h on a rocking
platform at RT and washed three times with 1x PBS for 30 min each. Gels were subsequently

expanded in MilliQ water and imaged.

BDP pan-staining signal in axons was measured by recording the peak intensity of BDP signal
from 10-pixel thick line profiles drawn across the width of axons in FIJI. For FA-fix measurements,

46 peak intensities were recorded from 5 FOVs. For FA/GA-fix measurements, 46 peak intensities
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were recorded from 5 FOVs. For FA/GA/OsO4-fix measurements, 38 peak intensities were

recorded from 5 FOVs. Results are summarized in Supplementary Fig. 24bb.

Measurement of BDP signal in 4-fold expanded brain tissue across

denaturation conditions

To compare the effect of fixation on lipid retention, brain tissue was fixed with 4% FA+ 0.1% GA
in 1x PBS overnight at 4 °C and sectioned to 70 um as described in the Brain perfusion section.
All tissue sections were post-fixed in 4% FA + 20% AAm in 1x PBS for 15 h at 4 °C, washed
three times with 1x PBS for 30 min each on a rocking platform at 4°C, and processed only with
the First round of expansion for brain tissue protocol with this modification: tissue sections
were denatured with either SDS buffer at 75°C for 1 h (SDS-1h), or SDS buffer at 75°C for 4 h,
(SDS-4h), non-denatured (PBS), or denatured with guanidine hydrochloride (G-HCI) buffer (6 M
G-HCI + 5 mM DTT + 50 mM Tris in MilliQ water, pH 7.5) at 42°C overnight. For NHS ester
pan-staining, gels were incubated with 10 pg/mL NHS ester ATTO532 (Sigma-Aldrich, catalog
no. 88793) in 1x PBS for 30 min on a rocking platform at RT and washed three times with 1x PBS
for 30 min each. For BDP pan-staining, gels were incubated with 10 uM BODIPY TR Methyl
Ester (Thermofisher, catalog no. C34556) in 1x PBS for 1 h on a rocking platform at RT and
washed three times with 1x PBS for 30 min each. Gels were subsequently expanded in MilliQ

water and imaged.

BDP pan-staining signal in axons was measured by recording the peak intensity of BDP signal
from 10-pixel thick line profiles drawn across the width of axons in FIJI. For SDS-1h
measurements, 40 peak intensities were recorded from 4 FOVs. For SDS-4h measurements, 20

peak intensities were recorded from 1 FOV. For PBS measurements, 41 peak intensities were
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recorded from 2 FOVs. For G-HCI measurements, 24 peak intensities were recorded from 1 FOV.

Results are summarized in Supplementary Fig. 27k.

BDP pan-staining signal in mitochondria was measured by recording the peak intensity of BDP
signal from 10-pixel thick line profiles drawn across the width of mitochondria in FIJI. For SDS-
1h measurements, 40 peak intensities were recorded from 4 FOVs. For SDS-4h measurements, 18
peak intensities were recorded from 1 FOV. For PBS measurements, 41 peak intensities were
recorded from 2 FOVs. For G-HCI measurements, 20 peak intensities were recorded from 1 FOV.

Results are summarized in Supplementary Fig. 27I.

Measurement of pacSph pan-staining signal across UV irradiation conditions

To compare the effect of fixation on lipid retention, brain tissue was fixed with 4% FA+ 20% AAm
in 1x PBS overnight at 4 °C and sectioned to 70 um as described in the Brain perfusion section.
Sections were incubated in 50 uM pacSph (PhotoClick Sphingosine; Avanti Polar Lipids, catalog
no. 900600) in 1x PBS overnight at 4 °C, washed three times in 1x PBS for 1 h each at 4 °C, and
either stored at 4 °C (noUV) or photo-crosslinked. Samples that were photo-crosslinked were kept
on ice and irradiated with 365 nm UV light source 1 cm away from an 8W lamp surface for 30
min on both section surface sides, either before hydrogel embedding (UV-before) or immediately
after First round of expansion for brain tissue while the tissue-hydrogel hybrid was still
sandwiched between a glass microscope slide and glass coverslip (UV-after). Samples were
processed with the remaining steps of the pan-ExM-t protocol with this modification: before NHS
ester pan-staining, CUAAC was performed using the Click-iT Protein Reaction Buffer Kit (Thermo
Fisher, catalog no. C10276) according to manufacturer instructions. Azide-functionalized

ATTO590 dye (ATTO-TEC, catalog no. AD 590-101) was used at a concentration of 5 uM. After
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CUAAC, the gels were washed once with 2% (w/v) delipidated BSA (Sigma Aldrich, catalog no.
A4612) in 1x PBS for 20 min each and three times with 1x PBS for 20 min each on a rocking

platform at RT.

pacSph pan-staining signal in mitochondria was measured by recording the peak intensity of
ATTO590 signal from 10-pixel thick line profiles drawn across the width of mitochondria in FIJI.
For noUV measurements, 35 peak intensities were recorded from 5 FOVs in one independent
experiment. For UV-before measurements, 37 peak intensities were recorded from 5 FOVs in one
independent experiment. For UV-after measurements, 39 peak intensities were recorded from 5

FOVs in one independent experiment. Results are summarized in Fig. 14m.
Statistics and reproducibility

For all quantitative experiments, the number of samples and independent reproductions are listed
in the figure legends. An unpaired two-tailed t-test in GraphPad Prism 9 was used to analyze the

data.

Data availability

The datasets generated and/or analyzed during the current study are available from the

corresponding author on reasonable request.

Acknowledgements

We want to thank Mark Lessard for assisting with vibratome sectioning. This work was supported

by grants from the Wellcome Trust (203285/B/16/Z) and NIH (P30 DK045735, S10 0D020142).

134



5. Panception of Adherent Cells

In this chapter, I reproduce my manuscript in preparation titled:
M’Saad O. & Bewersdorf J: Panception: Pan-cellular Perception. (2021)

My contributions include the development of transmitted light nanoscopy and un-aided eye

perception of cell microstructure.

5.1. Abstract

The spatial resolution and color depth perception of the human eye is limited, restricting our ability
to directly see subcellular structures. We report a new principle for un-aided eye cellular
visualization in a method we call pan-cellular perception (panception). By expanding cells 20-fold
linearly and pan-staining their bulk with light-scattering molecules of sufficient density, cells and

their microstructures can be discerned with a contrast visible to the unaided eye.

5.2. Introduction

Fluorescence microscopy is one of the major light microscopy modalities in the life sciences. It
uses refractive lenses to magnify objects of interest and relies on fluorescent labels that induce a
highly sensitive contrast [43]. Fluorescence can be detected in single-molecule amounts, making
it an ideal contrast mechanism to image the distribution of proteins on the nanoscale [45]. In super-

resolution microscopy (SRM), selectively switching fluorophores in a diffraction limited volume
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allows up to ~10 nm isotropic spatial resolution in cells and tissue samples, revealing precise sub-

cellular protein distributions on the nanoscale [1][4].

The physical magnification of a fixed biological sample itself is also possible in a technique known
as Expansion Microscopy (ExM) [6][7]1[8][9][10][12]. Here a sample is crosslinked to a
polyacrylate hydrogel, mechanically homogenized, labeled with fluorescent molecules, and
swelled 4- to 20-fold linearly in pure water. To capture nanoscale information, expanded samples
are usually imaged on fluorescence microscopes and the total image magnification is the product
between both physical and optical magnifications [6]. Using high-end confocal systems, the lateral
spatial resolution achieved with ExM techniques ranges from 15 nm to 60 nm, depending on the

expansion factor.

In our previous work, we demonstrated that by expanding cells 20-fold linearly while
simultaneously retaining the proteins, bulk- (pan-) staining of the protein content can resolve local
protein densities and reveal ultrastructural context by standard light microscopy [42]. We call this
method pan-ExM. Analogous to electron microscopy (EM), organelle nanoarchitecture can now

be imaged without the need for specific labels and with a lateral spatial resolution of ~15 nm.

While optical instrumentation is the common approach to visualizing cells, we wondered whether
cells (~10 pm) and their microstructures (~5 pm) can be discerned with the human lens alone,
without relying on additional optical manipulation. Such a development would represent a new

way of studying biological microstructures, circumventing the need for an intermediary apparatus.

In fact, if a typical HeLa cell is expanded 20-fold linearly, its width would approach ~50 um x 20
=~1 mm. Since the human eye has a resolution of 35-60 seconds of arc, it could, at distance of ~1

cm, in principle, discern between objects that are ~100 um apart, such as the fine microstructures
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of an expanded HelLa cell [144]. However, after 20-fold linear expansion, the protein content of
the cell (~1.1 mM [2]) will volumetrically expand 203=8,000-fold, resulting in a ~140 nM diluted
protein content. Because of our limited color depth perception, we unfortunately cannot detect

pigments at comparable concentrations.

We hypothesized that physical magnification of cells combined with an amplified and
chromogenic pan-staining would result in a visible cellular contrast, with microstructures
ultimately resolvable by the un-aided eye. We speculated that if we pan-stained expanded cells
with peroxidases or photo-initiators and amplified the underlying chromogenic substrate signal
103-10°%-fold, the resulting 0.14-140 mM pigment concentration would be easily detected by the
unaided eye. Earlier studies determined that horseradish peroxidase (HRP) amplification coupled
with 3,3’-diaminobenzidine (DAB) deposition [145] and photopolymerization-based signal
amplification (PBA) [146] can yield amplification degrees of equivalent order of magnitudes,

strengthening the feasibility of our approach.

Based on this principle, we developed pan-cellular perception (panception), a method where
biological samples are expanded, pan-stained, and their pan-stain amplified to yield a chromogenic

product visible by the un-aided eye.

We further combine panception with transmitted light microscopy modalities and demonstrate that
many ultrastructural features, detected previously with fluorescence approaches, can now be
revealed with transmitted light alone. This finding suggests that in the context of an expanded
sample, single-molecule sensitivity, a property of fluorescence molecules, is not a necessary
requirement for nanoscale structural imaging. If two proteins are separated by a sufficient
expansion factor, and their pan-stain signal is amplified, nanoscopic features can be revealed with

simple magnification optics given that the amplification products do not blur.
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5.3. Results

5.3.1. Panception with HRP amplification

Figure 15A outlines the basic workflow of our panception workflow. Cells are first expanded 20-
fold with the pan-ExM protocol (see Methods), pan-stained with amine reactive NHS ester ligands
conjugated to biotin (NHS-PEG4-Biotin) and incubated with streptavidin conjugated to horse
radish peroxidase (ST-HRP). The pan-stained hydrogel sample is then sectioned to ~1 mm
thickness and stained with chromogenic substrates 3,3’-diaminobenzidine (DAB), aminoethyl
carbazole (AEC), or EnzMet metallic silver. The sample is then washed with water and visualized

directly.

Figure 15B-E confirms the validity of our concept. Taken with an iPhone 11 camera, panception
gels reveal individual cells and their microstructures. We found that DAB, AEC, and EnzMet
substrates yielded exceptionally visible brown, red, and black chromogenic contrast respectively,
with EnzMet metallography showing cell-stained hydrogels with almost no background signal at
all. We can easily discern cellular boundaries, the cell cytosol, the nucleus, and occasionally the

nucleolus by eye (Fig. 15F, Supplementary Fig. 1).

Furthermore, we found that imaging these samples with transmitted light can reveals sub-cellular
features at higher magnifications and with exceptional contrast. Fig. 15G and Fig. 15H show dark
nucleoli stained with DAB and EnzMet respectively. Mitochondria cristae, the nuclear envelope,
and nuclear pore complexes (NPCs) can also be discerned (Fig. 151-K). These images resemble
those acquired with fluorescently pan-stained cells in pan-ExM but have the benefits of (1) no

susceptibility to photobleaching and (2) no degradation of staining over time. The ability to resolve
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mitochondria cristae which are ~70 nm apart [25], also suggests that blurring of features from

signal amplification is of minimal occurrence on that scale.

A 1. Expand 20-fold 2. HRP pan-staining

20-fold ST-HRP
expansion LT
(pan-ExM) ANsneaits Amine Biotin
PENRBoEE LY W NH, w/ W
Pre-expanded X SN o i
} I P
Hela cell \ f i rotein

Expanded Hela cell

3. HRP-based signal amplification 4. Perception

DAB substrate e ®
or AEC substrate - §>
or EnzMet™ Ss .
™ Human
L) eye
HRP pan-stained cell Chromogenic pan-stain Visible cells on a hydrogel

Figure 15: panception with HRP-amplification reveals Hela cells with the unaided eye. A, Experimental workflow.

B, Top view of an EnzMet-stained panception sample on a MatTek dish held by hand. C, Magnified view of the area
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outlined by the black box in B. D, DAB-stained panception sample. E, Magnified view of the area outlined by the
black box in D. F, Magnified view of the area outlined by the black box in E. G, Transmitted light microscopy image
of an EnzMet-stained panception sample. H, Transmitted light microscopy image of a DAB-stained panception
sample. White arrows in G and H point to nucleoli. I-J, Transmitted light microscopy images of the edge of a DAB-
stained Hela cell in the same field of view but with different z-positions. White arrow in | points to mitochondria
cristae. White arrows in J and K point to nuclear pore complexes (NPCs). Panels G and I-K are displayed with a yellow
background to distinguish from EnzMet™ images. Scale bars are not corrected for the expansion factor. Scale bars,

(B, D) 1 cm, (C, E), 400 um, (F) 800 um, (G, H) 100 um, (I-J) 1 um.

5.3.2. Panception with Eosin-Y photopolymerization

Next, we questioned whether amplifying the pan-stain using in situ polymerization could also
render HelLa cells visible by eye and perhaps confer a certain structural sturdiness to the enlarged
cells in question. Such development would allow for an orthogonal method of panception,

widening its applicability in biological studies.

To amplify pan-stained proteins using in situ polymerization, we used a strategy called
photopolymerization-based signal amplification (PBA). PBA is commonly used to amplify signals
from antibody-antigen binding in immunoassays [147]. Usually, antigens bind to immobilized
antibodies and so-called capture antibodies that are conjugated to photo-initiators are introduced.
These also bind the antigens and when irradiated with light, in the presence of hydrogel monomers
and catalysts, initiate free radical polymerization. PBA is spatially confined to the photo-initiator
and yields a polymer film of ~10-250 nm-thickness, depending on the hydrogel monomer

composition and photo-initiator density [146].

Most PBA methods use eosin (Fig. 16A) as a photo-initiator because it is a high triplet yield

fluorophore, and it can partially regenerate in oxygen [148]. Coupled with tertiary amine methyl
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diethanolamine (MDEA) and under 530 nm green light irradiation, eosin and MDEA undergo
energy transfer and initiate free radical polymerization in the presence of commonly used hydrogel

monomers and crosslinkers [148][149].

PBA has also been demonstrated to amplify fluorescence signal in several immunofluorescence
studies [150][151]. For example, one study used eosin light-initiated polyethylene (glycol)
diacrylate (PEGDA) polymer films to entrap fluorescent nanoparticles onto microtubules,
resulting in up to ~10° amplification of fluorescence signal [151]. Here, we questioned whether
expanded cells pan-stained with eosin can be used to synthesize a densely crosslinked
polyacrylamide hydrogel in situ. The photopolymer would be ideally capable on entrapping small

chromogenic dyes, amplifying the pan-stain accordingly.

Since the cell protein content is significantly diluted following sample expansion (~140 nM), we
first tested if eosin surface densities of equivalent concentrations can still initiate
photopolymerization. In a solution of 38% (w/v) acrylamide (AAm), 35 mM N-vinylpyrrolidone
(VP), 2% (w/w) methylene bisacrylamide (BIS), and 210 mM MDEA, we added eosin in
concentrations of 0.03 uM to 12 pM (Supplementary Table 4). The forementioned eosin
concentrations correspond to the molarity of proteins in a 20-fold expanded cell had they been
originally separated by 5 nm and 40 nm respectively. Irradiating these solutions with 530 nm
collimated light with intensities between 12 and 55 mW/cm?, we confirmed that even at 0.03 pM
eosin concentration, a photopolymer can still form, with increased thickness when the gelation
solution is purged with nitrogen (Supplementary Fig. 2). This finding is consistent with a
previous report which determined that the eosin concentration threshold for PEGDA and

acrylamide photopolymers is 0.03 uM for 5% conversion in 20 min [152].
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Next, we investigated if this photopolymer can be labeled with chromogenic dyes. It has been
previously shown that Evans Blue (EB) can efficiently stain PEGDA gels [153]. We questioned
whether EB could also stain polyacrylamide (pAAm, Fig. 16F) and whether it does so without
also staining the underlying expansion poly(acrylamide/sodium acrylate) hydrogel (pAAM/SA,
Fig. 16G). We found that indeed EB stains pAAm gels and not pAAmM/SA gels (Fig. 16B-E), even
when the BIS crosslinker concentration is varied from 0.1% to 2% (w/w) to account for
crosslinking density. We hypothesize that this is because EB is sulfonated (Fig. 16H) and thus
repelled by carboxylic groups in pAAM/SA gels. This finding is also true for the sulfonated textile
dye Direct Red 81 (Supplementary Fig. 3). However, we chose to use EB in our subsequent

experimentation because of its superior visible contrast.

Figure 161 describes the workflow of PBA-based panception in HeLa cells. In brief, cells are first
expanded according to the pan-ExM protocol, pan-stained with amine-reactive eosin-5-
isothiocynate, incubated in an acrylamide monomer solution with 2% (w/w) BIS concentration,
photopolymerized with 530 nm collimated light of 55 mW/cm? intensity, and optionally stained

with EB.

Indeed, we can observe photopolymerized cells with the un-aided eye (Fig. 16J-M). Even without
chromogenic EB staining, photopolymers are still visible against a dark background. This is likely
because of the significant polymer refractive index variations between the PBA photopolymer (n>
1.33) and the expansion hydrogel (n~1.33). Like HRP-based panception, we can distinguish
between the cellular cytosol and cell nucleus (Fig. 16K), delineate cell boundaries, and classify
cells by their shapes and sizes. Unlike HRP-based panception however, we can physically excise

individual cells with tweezers and manipulate them mechanically (Supplementary Fig. 4). This
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is due to the mechanical sturdiness of the underlying photopolymer compared to the more fragile

and delicate expansion hydrogel.

Moreover, these samples are compatible with phase contrast microscopy. We can observe the fine
ultrastructures of nucleoli (Fig. 17A-B), filopodia (Fig. 17C & 17G) as well as mitochondria
cristae (Fig. 17D). Co-staining with fluorescent dyes, correlative imaging shows that PBA and

fluorescence images of mitochondria (Fig. 17D-F) and filopodia (Fig. 17G-1) overlap perfectly.

Finally, our HRP- and PBA-based panception protocols are compatible with mouse brain tissue
sections as well (Fig. 17, Supplementary Fig. 5). Imaging PBA-processed panception tissue with
transmitted light, we can clearly resolve the fine structures of cortical neurons (Fig. 17J) as well
as axons (Fig. 17K). We note that panception shows more overlapping features compared to the
counterpart confocal fluorescence images, particularly in thick tissue. This is because our PBA
data represent transmitted light images that lack optical sectioning. Combining PBA with 3D phase

contrast techniques in the future will substantially enhance image quality.
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Figure 16: panception with PBA reveals Hela cells with the unaided eye. A, The mechanism of light-initiated free-
radical generation by eosin and MDEA. B-E, Evans Blue, an anionic dye, efficiently stains neutral polyacrylamide
hydrogels (B, D) but not anionic poly(acrylamide/sodium acrylate) co-polymers (C, E), regardless of hydrogel
crosslinker concentration. F, Chemical structure of polyacrylamide polymer. G, Chemical structure of
poly(acrylamide/sodium acrylate) co-polymer (blue: negatively charged carboxylic groups). H, Chemical structure of
Evans Blue dye (blue: negatively charged sulfate groups that repel carboxylic groups in anionic pAAm/SA hydrogels
and prevent their staining. I, Experimental workflow. J, PBA-stained panception sample stained with Evans Blue
visible dye. K, Magnified view of the area outlined by the white box in J. The white arrow in K points to a dark blue
cell nucleus. L, PBA-stained panception sample that is not stained with Evans Blue. M, Magnified view of the area
outlined by the white box in L. Scale bars are not corrected for the expansion factor. Scale bars, (J, L) 0.5 cm, (K, M),

0.5 mm.
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Figure 17: panception with PBA reveals sub-cellular features in HelLa cells and mouse brain tissue sections with
phase-contrast microscopy. A, PBA-stained cell nucleus showing nucleoli (white arrows). B, Magnified view of a
PBSA-stained nucleolus showing ultrastructural features. C, PBSA-stained Hela cell filopodia. D, PBA-stained
mitochondrion showing mitochondria cristae. E, Same area as in D, showing NHS ester pan-staining. F, Overlay of E
and D. G, PBSA-stained filopodia. H, Same area as in G, showing NHS ester pan-staining. I, Overlay of G and H. J,
PBSA-stained cortical neurons in mouse brain tissue sections. K, PBA-stained axons in mouse brain tissue sections.

Scale bars are not corrected for the expansion factor. Scale bars, (A) 40 um, (B, C) 20 um, (D-F), 5 um, (J,K), 50 pum.

5.4. Discussion

The data presented demonstrates that by sufficient sample magnification and sufficient signal
amplification, cellular microstructures can be revealed without the need for optical
instrumentation. While the obtained resolution is too small to reveal ultrastructural details with the
unaided eye, larger expansion factors of 100-fold to 1000-fold will render cellular organelles like
mitochondria (~500 nm) large enough to see without supplementary optical magnification (~ 100

pm after 200-fold linear expansion).

However, it is important to be cognizant of reaction kinetics when experimenting with larger
expansion factors. For example, in the case of the Sn2 nucleophilic substitution reaction of NHS
ester with primary amines, the recommended minimum concentration of primary amines before
NHS ester hydrolysis becomes dominant is 10 uM [154]. Intermediate amplification steps with
streptavidin and biotin [156] at expansion levels of 20-fold will help mediate this problem. In fact,
the high affinity (Kp ~10-%> M) of biotin for streptavidin indicates that this latter can be detected in

femto- and pico-molar concentrations [155].

Moreover, our data also demonstrates that fluorescence is not the only contrast mechanism capable

of showing ultrastructural details. Simpler and laser-free optical systems such as brightfield and
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phase contrast microscopy are well suited to image panception samples. We have shown
transmitted light images of nucleoli, mitochondria, filopodia and NPCs at sub-70 nm resolution
(Fig. 151-K and Fig. 17). However, for panception to reach its full 3D imaging potential and
resolve more pan-stained organelles of interest, transmitted light imaging modalities must be
implemented with optical sectioning capabilities [157]. Perhaps reflected light confocal
microscopy will become popular again [181]. On a positive note, however, these samples cannot

be bleached, representing an opportunity to image at essentially infinite signal-to-noise ratio.

Spatial resolution must be evaluated by the structures that can be resolved and not simply the
diffraction limit divided by the linear expansion factor. While high amplification magnitudes are
desirable for un-aided eye visualization, blurring of features from excessive amplification must be
accounted for. To resolve sub-cellular structures at ~20 nm lateral resolution following 20-fold
expansion, the layer of amplified polymer or chromogen must not surpass ~75 nm to not blur

features of interest.

We have demonstrated here enzyme- (HRP) and photopolymerization- (PBA) based signal
amplification in the context of panception imaging. However, other amplification strategies such
as nucleic acid-based ones [36] can also be implemented. We have shown contextual imaging by
amplifying the pan-stain, but our approach can also be adapted to specific molecule imaging using
antibody labels conjugated to HRP or Eosin. Multiplexing is also possible and, in many cases,
desirable. One can envision using different color chromogens (e.g., red and blue), different
catalytic agents (e.g., alkaline phosphatase (AP) [158]), and different water-soluble photoinitiators

(e.g., phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) which is activated with UV light [159]).

While it is unclear what specific biological questions panception can answer that conventional

microscopy cannot, we see applications in resource-limited environments (e.g., the space station
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and military bases) where high resolution microscopes (e.g., confocal, super-resolution
microscopes etc.) are unavailable. For example, identifying contaminating bacterial strains on the
space station is notoriously difficult, and current practices are strictly qPCR-based [160].
Combining panception of 100-fold expanded samples with portable magnifying scopes can
potentially enable the identification of low-abundance microbes by their shapes. In all cases, we

leave it up to the adventurous biologist to explore the proper applications for panception.

Finally, our work here represents the first recorded instance of seeing cellular microstructures by
the naked eye and dispels the centuries old conviction that magnifying lenses need to stand in
between the human and the specimen. Panception is an opportunity to see and touch a phantom of
the building blocks that make us. Previously far beyond what we can see or feel unaided, now they

are almost alive, staring back at us, reminding us that we are mere carbon matter.

5.5. Methods

General comments

Please see Supplementary Tables 1-3 for an overview of the reagents and materials used in this

work.

Coverslip preparation

Before plating HelLa, 12-mm round glass coverslips (Electron Microscopy Sciences, catalog no.
72230-01) were cleaned in a sonic bath (Bronson) submerged in 1 M KOH (Macron Fine
Chemicals; catalog no. 6984-04) for 15 min and then rinsed with MilliQ water three times. Glass
was then sterilized with 100% ethanol and rinsed with sterile phosphate-buffered saline (PBS;

Gibco, catalog no. 10010023) before adding media and cells.
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Cell culture

HeLa cells were grown in Dulbecco’s modified Eagle medium (DMEM; Gibco, catalog no.
21063029), supplemented with 10% fetal bovine serum (FBS; Gibco, catalog no. 10438026), and
1% mL/L penicillin-streptomycin (Gibco, catalog no. 15140122) at 37 °C with 5% CO2. Cells
were passaged twice to three times a week and used between passage number 2 and 20. Passaging
was performed using 1x PBS and 0.05% Trypsin-EDTA (Gibco, catalog no. 25300054).
Approximately 24 h before fixation, cells were seeded on glass coverslips at ~65,000 cells per

well.

Cell fixation

Cells were fixed with 3% formaldehyde (FA) and 0.1% glutaraldehyde (GA) (Electron Microscopy
Sciences, catalog nos. 15710 and 16019, respectively) in 1x PBS for 15 min at RT. Samples were
rinsed three times with 1x PBS and processed according to the pan-ExM protocol immediately

after.

Brain perfusion

Thyl-EGFP M (4-8 weeks) mouse was obtained from the Jackson Laboratory. Animal was
anesthetized with ketamine (100 mg/kg, Butler Schein: 9952949) and xylazine (10 mg/kg, Akorn:
NDC 59399-110-20) in saline (Hudson RCI: 200-59). The mouse was transcardially perfused first
with ice cold PBS (Fisher: BP2944-100) and then with 4% PFA (J.T. Baker: S898-07) + 20%
acrylamide (Sigma Aldrich: A9099) in PBS, pH 7.4. Brain was isolated and postfixed overnight
in 4% PFA + 20% acrylamide in PBS at 4°C. Brain was then washed in PBS and sectioned at 70

um using vibrating microtome (Leica VT1000, Leica Biosystems, Nussloch, Germany or
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Vibratome 1500, Harvard Apparatus, Holliston, MA). Sections were stored in PBS with 0.01%
sodium azide (Sigma-Aldrich, St. Louis, MO) at 4°C. All procedures were approved by the
Institutional Animal Care and Use Committee and in compliance with National Institutes of Health

guidelines.

Polymerization reagents

Acrylamide (AAm; catalog no. A9099), N,N’-(1,2-dihydroxyethylene)bisacrylamide (DHEBA;
catalog no. 294381), N,N’-Cystaminebisacrylamide (BAC; catalog no. 9809), N-
methyldiethanolamine (MDEA,; catalog no. 471828), and N-vinyl-2-pyrrolidone (VP; catalog no.
V3409) were purchased from Sigma-Aldrich. Sodium acrylate (SA) was purchased from Santa
Cruz Biotechnology (catalog no. sc-236893C). We noticed significant batch-to-batch variability
in SA purity. To verify that SA was of acceptable purity, 38% (w/v) solutions were made in water
and checked for quality [37]. Only solutions that were light yellow were used. Solutions that were
yellow and/or had a precipitate were discarded. N,N’-methylenebis(acrylamide) (BIS; catalog no.
J66710) was purchased from Alfa Aesar. Solutions with a minimum precipitate were centrifuged
at 4000 rpm for 5 min and the supernatant was transferred to a new bottle and stored at 4 °C until
use. Ammonium persulfate (APS) was purchased from both American Bio (catalog no. AB00112)
and Sigma-Aldrich (catalog no. A3678). N,N,N’,N’'-tetramethylethylenediamine (TEMED; catalog
no. AB02020) was purchased from American Bio. 10X phosphate buffered saline (10X PBS;

catalog no. 70011044) was purchased from Thermofisher.

pan-ExM gelation chamber

The gelation chamber was constructed using a glass microscope slide (Sigma-Aldrich, catalog no.

S8400) and two spacers, each consisting of a stack of two no. 1.5 22 x 22 mm coverslips (Fisher
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Scientific, catalog no. 12-541B), were glued with superglue to the microscope slide on both sides
of the cell-adhered coverslip, with the cell-adhered coverslip glued in between. A no. 1.5
22 x 22 mm coverslip was used as a lid after adding the gel solution. This geometry yielded an

initial gel thickness size of ~170 pm.

First round of expansion for HelL a cells

Cells, previously fixed as described in the Cell fixation section, were incubated in post-fix solution
(0.7% FA + 1% AAm (w/v) in 1x PBS) for 67 h at 37 °C. Next, the cells were washed twice with
1x PBS for 10 min each on a rocking platform and embedded in the first expansion gel solution
(19% (w/v) SA +10% AAm (w/v) + 0.1% (w/v) DHEBA +0.25% (v/v) TEMED + 0.25% (w/v)
APS in 1x PBS). Gelation proceeded first for 10-15 min at room temperature (RT) and then for
1.5h at 37 °C in a humidified chamber. Coverslips with hydrogels were then incubated in ~4 mL
denaturation buffer (200 mM SDS + 200 mM NaCl + 50 mM Tris in MilliQ water, pH 6.8) in 6-
well plates for 30-45 min at 37 °C. Gels were then transferred to denaturation buffer-filled 1.5 mL
Eppendorf tubes and incubated at 74 °C for 1 h. Next, the gels were washed twice with PBS for 20
min each and optionally stored in PBS overnight at 4 °C. Gels were then cut and placed in 6-well
plates filled with MilliQ water for the first expansion. Water was exchanged twice every 30 min

and once for 1 h. Gels expanded between 4.0x and 4.5x according to SA purity.

First round of expansion for brain tissue sections

Brain tissue, previously fixed and sectioned to 70 um as described in the Brain perfusion section,
were first incubated in inactivated first expansion gel solution (18.5% (w/v) SA + 10% AAm (w/v)
+ 0.1% (w/v) DHEBA in 1x PBS) for 30-45 min on ice and then in activated first expansion gel

solution (18.5% (w/v) SA+10% AAm (w/v) + 0.1% (w/v) DHEBA+0.075% (v/v)
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TEMED + 0.075% (w/v) APS in 1x PBS) for 15-20 min on ice before placing in gelation chamber.
The tissue sections were then gelled for 15 min at RT and then for 2 h at 37 °C in a humidified
chamber. Next, the brain tissue section-gel hybrids were removed from gelation chamber and
incubated in ~4 mL denaturation buffer (200 mM SDS + 200 mM NaCl + 50 mM Tris in MilliQ
water, pH 6.8) in 6-well plates for 15 min at 37 °C. Gels were then transferred to denaturation
buffer-filled 1.5 mL Eppendorf tubes and incubated at 74 °C for 4 h. The gels were washed twice
with PBS for 20 min each and once overnight at RT. Gels were optionally stored in 1x PBS at 4
°C. Gels were then cut and placed in 6-well plates filled with MilliQ water for the first expansion.
Water was exchanged three times every 1 h. Gels expanded between 4.0x and 4.5x% according to

SA purity.

Re-embedding in neutral hydrogel

Expanded hydrogels were incubated in a fresh re-embedding neutral gel solution (10% (w/v) AAm
+0.05% (w/v) DHEBA + 0.05% (v/v) TEMED + 0.05% (w/v) APS) two times for 20 min each on
a rocking platform at RT. Immediately after, residual gel solution was removed by extensive but
gentle pressing with Kimwipes. The gels were then sandwiched between two pieces of no. 1.5
coverslips and incubated at 37 °C for 1.5 h in a nitrogen-filled humidified chamber. Next, the gels
were detached from the coverslip and washed three times with 1x PBS for 200 min each on a
rocking platform at RT and optionally stored in 1x PBS at 4 °C. Unlike our previous protocol, no

secondary post-fixation was used.

Second round of expansion

For samples that were pan-stained with DAB, AEC, and EnzMet substrates, re-embedded

hydrogels were incubated in a fresh second hydrogel gel solution (19% (w/v) SA+10% AAm
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(w/v) + 0.1% (w/v) BIS +0.05% (v/v) TEMED + 0.05% (w/v) APS in 1x PBS) two times for
15 min each on a rocking platform on ice. For samples that were pan-stained with eosin-5-
isothiocyanate, re-embedded hydrogels were incubated in a fresh second hydrogel gel solution
(19% (w/v) SA + 10% AAm (w/v) +0.15% (w/v) BAC + 0.05% (v/v) TEMED + 0.05% (w/v) APS
in 1x PBS) two times for 15 min each on a rocking platform on ice. Immediately after, residual gel
solution was removed by extensive but gentle pressing with Kimwipes. The gels were then
sandwiched between two pieces of no. 1.5 coverslips and incubated at 37 °C for 1.5 h in a
humidified nitrogen-filled chamber. To dissolve DHEBA, gels were incubated in 0.2 M NaOH for
1 h on a rocking platform at RT. Gels were next washed three times with 1x PBS for 30 min each
on a rocking platform at RT or until the solution pH reached 7.4. The gels were optionally stored
in 1x PBS at 4 °C. Subsequently, the gels pan-stained with eosin-5-isothiocyanate, NHS ester-
biotin followed by HRP-conjugated streptavidin, or NHS ester-ATTO532 dye and extensively
washed with PBS-T. Finally, the gels were cut and placed in 6-well plates filled with MilliQ water
for the second expansion. Water was exchanged at least three times every 1 h at RT. Gels expanded
~ 4.0x according to SA purity for a final expansion factor of 16x to 20x and sectioned to a

thickness of 1 mm on a Leica VT1000 S vibrating blade microtome.

NHS ester PEG4-biotin pan-staining

Gels were incubated for overnight with 50 uM NHS-PEG4-Biotin (Thermofisher, catalog no.
21330) dissolved in 1x PBS on a rocking platform at 4 °C. The gels were subsequently washed

five times in PBS-T for 20 min each on a rocking platform at RT.

Eosin-5-isothiocynate pan-staining
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After polymerization-based signal amplification, gels were incubated overnight with 200 uM
eosin-5-isothiocyanate (Sigma-Aldrich, catalog no. 45245) dissolved in 100 mM sodium
bicarbonate solution (Sigma-Aldrich, catalog no. SLBX3650) on a rocking platform at 4 °C. The
gels were subsequently washed three to five times in PBS-T for 20 min each on a rocking platform

at RT and washed once overnight at 4 °C.

NHS ester ATTO532 pan-staining

After polymerization-based signal amplification, gels were incubated for 1.5h with 20 pg/mL
NHS ester-ATTO532 (Sigma-Aldrich, catalog no. 88793) dissolved in 100 mM sodium
bicarbonate solution on a rocking platform at RT. The gels were subsequently washed three to five

times in PBS-T for 20 min each on a rocking platform at RT.

HRP-based signal amplification

After NHS-PEG4-biotin pan-staining, gels were incubated with 1 pg/mL HRP-conjugated
streptavidin (Thermofisher, catalog no. N100) in 1x PBS overnight on a rocking platform at RT,
washed five times in PBS-T for 20 min each, expanded to its maximum size in MilliQ water, and
sectioned with a vibratome as detailed in Second round of expansion. Gels were next stained
with either DAB (abcam, catalog no. ab64238), AEC (abcam, catalog no. ab64252), or EnzMet™
(Nanoprobes, #6001-30ML) for 3 min, 5 min, and 3 min respectively and according to kit

instructions. Staining was stopped by two 5 min MilliQ water exchanges.

Photopolymerization-based signal amplification

After eosin-5-isothiocyanate pan-staining, the gels were incubated in fresh monomer solution

(38% AAmM (w/v) + 2% BIS (w/w) + 210 mM MDEA + 35 mM VP) two times for 10 min each on
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a rocking platform at RT. The samples were then irradiated with 530 nm collimated LED light at
55 mW/cm? for 10-20 min or until a photopolymer was visible. The samples were optionally
incubated in 1 mg/mL Evans Blue (Sigma, catalog no. E2129) or 2 mg/mL Direct Red 81 (Sigma,
catalog no. 195251) for 20 min on a rocking platform at RT and subsequently rinsed with MilliQ

water.

Evans Blue hydrogel staining assay

Fig. 2B photopolymer is composed of 210 mM MDEA + 35 mM VP + 40% (w/v) AAm + 0.1%
(w/v) BIS + 12,5 uM eosin-5-isothiocyanate. Fig. 2C photopolymer is composed of 210 mM
MDEA + 35 mM VP + 10% (w/v) AAm + 19% SA (w/v) + 0.1% (w/v) BIS + 12.5 uM eosin-5-
isothiocyanate. Fig. 2D photopolymer is composed of 210 mM MDEA + 35 mM VP + 40% (w/v)
AAM + 2% (w/w) BIS + 12.5 uM eosin-5-isothiocyanate. Fig. 2E photopolymer is composed of
210 mM MDEA + 35 mM VP + 10% (w/v) AAm + 19% (w/v) SA + 2% (w/w) BIS + 12.5 UM
eosin-5-isothiocyanate. All photopolymers were photopolymerized with 530 nm collimated LED
light at 12 mW/cm? for 10 min on 30-mm glass MatTek dishes (MatTek life science, catalog no.
P50G-1.5-30-F) and stained with 1 mg/mL Evans Blue for 20 min on a rocking platform at RT.
Photopolymers were then extensively rinsed with deionized water and photographed with an

iPhone 11 camera.

Eosin concentration threshold assay

All photopolymers in Supplementary Fig. 2 are composed of 210 mM MDEA + 35 mM VP +
40% (w/iv) AAm + 2% (w/w) BIS + eosin-5-isothicynate at the indicated concentrations. All
photopolymers were polymerized with 530 nm collimated LED light on 30-mm glass MatTek

dishes at irradiation intensities and durations described in the figure legend.
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Image acquisition
Images shown in Fig. 1B-E and Fig. 2J-M were acquired using an Apple iPhone 11 camera.

DIC and confocal images were acquired using a Leica SP8 STED 3X equipped with a SuperK
Extreme EXW-12 (NKT Photonics) pulsed white light laser as an excitation source. All images
were acquired either using a HC FLUOTAR L 25%/0.95 NA water objective or a HC PL APO
63x/1.2 water objective. ATTO532 was imaged with 532-nm excitation. Application Suite X

software (LAS X; Leica Microsystems) was used to control imaging parameters.

Image processing

Images were visualized, smoothed, and contrast-adjusted using FI1JI/ImageJ software. Confocal
images were smoothed for display with a 0.5 to 1-pixel sigma Gaussian blur. Minimum and

maximum brightness were adjusted linearly for optimal contrast.

Statistics and reproducibility

For all quantitative experiments, the number of samples and independent reproductions are listed

in the figure legends.

Data availability

The datasets generated and/or analyzed during the current study are available from the

corresponding author on reasonable request.
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6. Conclusions and Outlook

This thesis details my contributions to light microscopy of fixed biological specimen. Previously
thought to be strictly within the realm of EM, ultrastructural context imaging is now within the
reach of standard light microscopy modalities. My thesis made the conceptual realization that with
sufficient sample enlargement and preservation, sample components can be efficiency stained in
bulk (pan-stained) with fluorescent dyes (pan-ExM and pan-ExM-t) or light-scattering
chromogens (panception), revealing the totality of the fine structures that thoroughly represent a
cell. We demonstrated this concept on cultured cells, dissociated neurons, and thick mouse brain
tissue sections. We showed that structures like the nuclear envelope, nucleoli, mitochondria
cristae, Golgi cisternae, ER tubules, filopodia, NPCs, kinetochores, microtubules, centrioles,
chromatin, synapses, pre and postsynaptic densities, blood capillaries, spine apparatuses, axons,

dendrites, and cilia can all be revealed with contextual pan-staining alone.

Since the publication of pan-ExM, two reports demonstrated the use of NHS ester pan-stainings in
cleared and ~4-fold expanded tissue (FLARE) [39], as well as ~4-fold expanded C. elegans
(ExCel) [38]. Virtually every new ExM technique developed after 2020 now incorporates pan-
stainings regardless of expansion factor (e.g., TREx [78], Whole-ExM [106], and MAGNIFY
[197]). Moreover, in independent labs across the world, pan-ExM was used to resolve individual
microtubules in P. berghei axoneme [198] and NHS ester pan-staining was used to reveal the
disorganization of the rhoptries and the dilated plasma membrane at the apical pole of Toxoplasma
gondii in the absence of ERK7 protein [199] as well as characterize the ultrastructural phenotype
of mini-chromosome maintenance complex binding-protein (MCMBP)-deficient Plasmodium

falciparum [200]. The adoption of pan-ExM and the widespread use of pan-stainings is a fortunate
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outcome of this thesis and we see many more biological insights enabled with these methods in

the immediate future.

Certain innovations can help improve pan-ExM, pan-ExM-t, and panception or complement their

development. These include:

(1) Development of advanced light sheet microscopes: pan-ExM sample preparation takes

approximately three to four days (depending on immunostaining requirements), but
multiple samples can be processed in parallel. The rate limiting step is therefore the time it
takes to acquire 3D data sets of large tissue volumes (currently limited by the speed of
confocal microscopes). pan-ExM would benefit from the development of a new light-sheet
microscope which is optimized for extremely large fields of view and has the resolution of
a confocal microscope (compatible with high-NA objectives). An ideal light-sheet
microscope will speed up imaging by a factor of ~100, shortening data acquisition from
hours to minutes.

(2) Automated image segmentation and quantification: pan-ExM data sets are extremely rich

in information, but they are impossible to fully analyze manually. Deep-learning
algorithms and image analysis pipelines will need to be developed that automatically
identify and segment organelles and cellular landmarks from characteristic differential pan-
stainings in the pan-ExM datasets.

(3) Novel disulfide-reversible tissue fixatives to enable true molecular decrowding and epitope

accessibility. Glutaraldehyde (GA) fixation provides excellent ultrastructural preservation
in cells and brain tissue sections but is irreversible and notorious for masking protein
antigens. This makes GA incompatible with reliable molecular decrowding and efficient

antibody labeling. In pan-ExM, we use the partially reversible fixative formaldehyde (FA)
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and only small concentrations of GA (mainly in cell or neuron cultures). This relatively
‘weak’ fixation should ideally be replaced with stronger fixatives that are also reversible
(to ensure subsequent sample expansion). Inspired by EM literature from the 1970s which
showed that amine-reactive diimidoesters can preserve fine details as well as antigenicity
[204], one could think of testing commercially available disulfide reversible analogs of
diimidoesters, such as 3,3'-dithiobispropionimidate (DTBP), whose irreversible analog
dimethyl suberimidate (DMS) was shown to preserve the fine structure of liver and other
organs similar to GA [204][205][206][207] as well as enable superior
immunocytochemical and immunohistochemical reactions relative to GA [206][208][209].
This fixative could potentially transform pan-ExM and enable true molecular decrowding.
One could even envision cryogenically fixing cells first (for best preservation) and then
using DTBP in the freeze-substitution solution (for subsequent reversible fixation in
aqueous solution). Sample preservation is fundamental to ultrastructural visualization and
must be optimized carefully. Sample preservation is often overlooked in the world of
microscopy, especially today, where we seem to use values inherited by our forefathers in
histology. But it must be noted that EM was only brought to the realm of cell biology when
sample fixation was perfected.
Finally, in the age of high dimensional imaging, omics driven science, and Acrtificial Intelligence
(Al), this thesis represents a return to first principles. Before attempting to decode every gene and
sequence every transcript and protein in situ, we need to ask ourselves: do we even understand the
basics? Do we know how cells in tissue are arranged in 3D? Can we look down at a cell and infer

every organelle’s place in the synchrony of life? Are we aware of the prerequisites to drawing
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complex models of pathology? The pattern seeking mammals we inadvertently are, this thesis

presents a fresh opportunity for an unbiased learning of biological matter fundamentals.
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Appendix A

Reproducing pan-ExM using the concise protocols outlined in my manuscripts’ Methods sections
can prove difficult to the inexperienced scientist. In A.1 and A.2, | describe the pan-ExM protocols
developed in Chapters 3 & 4 in sufficient detail to enable every researcher with basic background

in biochemistry to perform pan-ExM sample preparation and imaging.

A.1 pan-ExM protocol (adherent cells)

PART I: Preparation

1. Reagents
Reagent Acrony  Storage Vendor Catalog
m number
40% acrylamide* AAmM 4°C Sigma-Aldrich ~ A9099
N,N'-(1,2- DHEBA RT 294381
dihydroxyethylene)bisacrylamide
Sodium bicarbonate NaHCOz; RT S5761
Sodium hydroxide NaOH RT S8045
ATTO594 NHS ester - -20°C 08741
Phosphate buffered saline tablets - RT P4417
Triton X-100 TX-100 RT X100-
100ML
Sodium acrylate** SA -20°Cin Santa Cruz sc-
desiccator Biotechnology 236893C
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N,N’-methylenebis(acrylamide) BIS RT Alfa Aesar J66710

Ammonium persulfate APS RT in desiccator American Bio AB00112
N,N,N’,N’-tetramethylethylenediamine  TEMED RT in desiccator AB02020
Tris [hyroxymethyl] aminomethane Tris RT AB02000
20% sodium dodecyl sulfate solution SDS RT AB01922
Sodium chloride NaCl RT J.T. Baker 3624-01
1x phosphate buffered saline (Gibco) IXPBS RT Thermofisher 10010023
10x phosphate buffered saline (Gibco) 10X RT 70011044
PBS
16% paraformaldehyde FA RT Electron 15710
8% glutaraldehyde GA 4°C Microscopy 16019
Sciences
Bovine serum albumin BSA 4°C Jackson 001-000-
Laboratories 162
Tween 20 = RT P7949
SYTOX Green - -20°C Thermofisher S7020
DMSO, Anhydrous DMSO RT D12345

* Acrylamide (AAm) monomer in powder form can also be used. However, it is much more toxic

and requires extensive precautions when handling.

** We recommend purchasing sodium acrylate (SA) from Sigma or Santa Cruz Biotechnology for
the time being. However, we do notice significant batch-to-batch variability. To verify that SA is
of acceptable purity, we usually make a 38% (w/v) solution in water and check its color. If the

solution color is yellow and/or a large precipitate form, please discard and try a different batch. If
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the solution is pale yellow and only a small precipitate forms, centrifuge solution at 4000 rpm for
5 minutes and use the supernatant. You must use a pale-yellow 38% SA stock solution without

any precipitate (see Figure 1).

2. Materials and instruments

Materials Vendor Catalog number

N1.5 12-mm round glass coverslips Electron Microscopy 72230-01
Sciences

Glass microscope slide Sigma-Aldrich S8400

N1.5 22 x 22 mm square cover glass coverslips Fisher Scientific 12-541BP

N1.5 18-mm round coverslip Marienfeld 0117580

50 mm MatTek dish, N1.5 coverslip 30 mm diameter  MatTek life sciences P50G-1.5-30-F

Picodent twinsil picodent 1300 1000

Instruments pH meter, 37°C incubator, nitrogen (or argon) gas tank, dry block incubator, ice

bucket, rocker, vortex

Other materials Superglue, tweezers, razor blades, container (plastic Tupperware), 12-well plates, 6-
well plates, 1.5 mL Eppendorf tubes, 15 mL Eppendorf tubes, 50 mL Eppendorf tubs,
Kim wipes, beaker, stir bar, paintbrush (brush size No. 2 (1.6 mm)), laminated tape,

pH strips, aluminum foil, surgical scissors

3. Solutions

These solutions are referred to in Part I1: Protocol. Note that some can be made beforehand and

stored, while others must be made fresh.
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Fixation solution

FA + GA fix (for cytoskeleton, mitochondria, and ER preservation)

Reagent Amount Concentration

16% FA 1.875 mL 3% (Wiv)

8% GA 125 uL 0.1% (W/v)

10X PBS 1mL 1X

Ultrapure water 7 mL -

Total 10 mL 3% FA + 0.1% GA in 1X PBS

FA fix (for NPC and Golgi preservation)

Reagent Amount Concentration
16% FA 2.5mL 4% (wWiv)

10X PBS 1mL 1X

Ultrapure water 6.5 mL -

Total 10 mL 4% FA in 1X PBS

- These solutions must be made fresh for appropriate preservation of ultrastructure.

- FA and GA are toxic and must be handled in a fume hood. After opening each vial, we

transfer these stock solutions to 15 mL Eppendorf tubes and store them for no longer than

24 h at 4°C. For consistent results, please do not use solutions of FA and GA that exceed

that storage duration.
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Post-fix solution

Reagent Amount Concentration

16% FA 440 uL 0.7% (W/v)

40% AAM 250 uL 1% (W/v)

10X PBS 1mL 1X

Ultrapure water 8.31 mL -

Total 10 mL 0.7% FA + 1% AAm in 1X PBS

- This solution must be made fresh

DHEBA + AAm stock solution

Reagent Amount Concentration

DHEBA 160 mg 0.4% (wiv)

40% AAM 40 mL 40% (W/V)

Total 40 mL 0.4% DHEBA in 40% AAmM

- DHEBA is notoriously difficult to dissolve. There are also impurities in recent batches of

DHEBA from Sigma that must be removed prior to using the solution.

- Todissolve DHEBA in 40% AAm solution, vortex vigorously for 15 min, or put a
small magnetic stir bar in a falcon tube with the solution, tape it to a magnetic stirrer

and stir for at least half an hour.
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- Even after excessive vortexing/stirring, you might still notice some ‘flakiness’.
These are likely impurities. If that is the case, filter-sterilize the solution to get rid

of the impurities.

- Make aliquots of 2.5 mL and store in -20°C. This solution is stable for at least 1 month.

1st gelling solution

Reagent Amount Concentration

DHEBA + AAm stock solution 2.5 mL 10% AAmM (w/v) + 0.1% DHEBA (w/v)

SA 19¢ 19% (wiv)

10X PBS 1mL 1X

Ultrapure water Until 10 mL -

Total 10 mL 10% AAm + 0.1% DHEBA + 19% SA in 1X PBS

- Centrifuge this solution at 4000 rpm for about 5 minutes, discard the precipitate, and only

use the supernatant.
- Every sample to expand consumes ~200 uL of this solution.

- Make aliquots of 1 mL and store in -20°C. This solution is stable for at least 1 month.

Denaturation buffer

Reagent Amount Concentration
NaCl 292¢ 200 mM
Tris 151¢g 50 mM
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20% SDS 72.1 mL
Ultrapure water Until 250 mL

Total 250 mL

200 mM SDS + 50 mM Tris + 50 mM NaCl

- Add reagents to a beaker with a stir bar and stir heated to 40°C to dissolve. Note that SDS

precipitates at temperatures below 20°C.

- Cool to room temperature and adjust pH to 6.8 with hydrochloric acid (HCI).

- Tris buffer pH is sensitive to temperature. The solution must have its pH adjusted

at RT (~19°C).

- This solution is stored at RT and is stable for at least 12 months.

2nd gelling solution

Reagent Amount
40% AAmM 12.5 mL
DHEBA 25 mg
Ultrapure water 37.5
Total 50 mL

Concentration
10% (w/v)

0.05% (W/v)

10% AAm + 0.05% DHEBA

- Every sample to expand consumes 6 mL of this solution. Since the number of samples we

process at once is generally around 6, we make 50 mL of this solution and discard the

remnant.
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3rd gelling solution

Reagent Amount
40% AAmM 6.25 mL
BIS 25 mg

SA 4.75g

10X PBS 2.5 mL
Ultrapure water Until 25 mL
Total 25 mL

Concentration
10% (w/v)
0.1% (wi/v)
19% (w/v)

1x

10% AAm + 0.1% BIS + 19% SA in 1X PBS

Every sample to expand consumes 4 mL of this solution. Since the number of samples we

process at once is generally around 6, we make 25 mL of this solution and discard the

remnant.

25% APS stock solution

Reagent Amount
APS 500 mg
Ultrapure water Until 1 mL
Total 1mL

Concentration

25% (w/v)

25% APS

This solution must be made fresh and kept on ice. We use it to make Activated 1st gelling

solution. We usually discard it if left on ice for more than 6 hours.
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25% TEMED stock solution

Reagent Amount Concentration
TEMED 250 uL 25% (V/v)
Ultrapure water 750 uL -

Total 1mL 25% TEMED

- This solution must be made fresh and kept on ice. We use it to make Activated 1st gelling

solution. We usually discard it if left on ice for more than 6 hours.

10% APS stock solution

Reagent Amount Concentration
APS 100 mg 10% (W/v)
Ultrapure water Until 1 mL -

Total 1mL 10% APS

- This solution must be made fresh and kept on ice. We use it to make Activated 2nd gelling
solution or Activated 3rd gelling solution. We usually discard it if left on ice for more than

6 hours.

10% TEMED stock solution

Reagent Amount Concentration
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TEMED 100 uL 10% (v/v)
Ultrapure water 900 uL -

Total 1 mL 10% TEMED

- This solution is made fresh and kept on ice. We use it to make Activated 2nd gelling
solution or Activated 3rd gelling solution. We usually discard this working solution if left

on ice for more than 6 hours.

NaOH solution

Reagent Amount Concentration
NaOH 800 mg 200 mM
Ultrapure water Until 100 mL -

Total 100 mL 200 mM NaOH

- Please be cautious when handling this solution as it is highly caustic (pH ~13).

- You can store this solution at room temperature.

PBS-T buffer

Reagent Amount Concentration
PBS tablets 5 tablets 1X

Tween 20 1mL 0.1% (v/iv)
Ultrapure water 1L -
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Total 1L

- This solution can be stored at room temperature.

0.1% Tween 20 in 1X PBS

- Alternatively, you can add 1 mL of Tween 20 to 1 L of pre-made 1X PBS solution.

Block buffer

Reagent Amount
PBS tablets 5 tablets
Triton X-100 1mL
Bovine serum albumin (BSA) 10g
Ultrapure water Until 1 L
Total 1L

- This solution must be stored at 4°C.

NHS ester dye stock

Reagent Amount

NHS ester ATTO594 (Sigma-Aldrich 1 mg
08741)

DMSO 500 uL

Total 500 uL
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Concentration
1X
0.1% (v/v)

1% (w/v)

0.1% TX-100 + 1% BSA in 1X PBS

Concentration

2 mg/mL

2 mg/mL ATTO594 NHS ester



- Make 50 uL aliquots and store desiccated at -20°C.

- NHS ester is very sensitive to moisture and must be stored in a desiccator. In the absence

of a desiccator, place the reagent in a container containing desiccant beads.

PART I1: Protocol

1. Fixation

This protocol is optimized for monolayer cells plated on 12-mm round coverslips.

1. Aspirate cell media

2. Immediately add fixation solution

- For ER, mitochondria, and cytoskeleton preservation, we prefer using the fixative
3% FA + 0.1% GA in 1X PBS for 15 min at RT; For Golgi and NPC preservation,

we prefer using the fixative 4% FA for 1 h.

- Fixing longer than 1 h prevents antibody labeling post-expansion because of
hydrogel epitope masking and fixing less than 15 min results in poor ultrastructure

preservation.

3. Rinse three times with 1X PBS

- This step is critical. Please make sure that the fixation solution is added immediately after
media removal (i.e., do not include a PBS rinsing step). The faster the cells are fixed, the

better ultrastructure is preserved.

- Note that we prefer supplementing the fixative with GA because it preserves ultrastructure

best and it also increases retention of proteins in the hydrogel (we found that FA fixation
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alone results in ~30% protein loss relative to GA fixation). However, many antibodies are
not validated for GA fixation. If you need to omit GA in the fixative, we recommend fixing

cells with 4% FA in 1X PBS for 1 h.

Do not permeabilize your cells. This will destroy sample ultrastructure.

2. Post-fix

1.

2.

Aspirate PBS
Incubate fixed cells in post-fix solution for 6-7 hours at 37°C

Please add this solution immediately after cell fixation. It is believed that formaldehyde
fixation goes into completion after ~48 hours but is partially reversible within that time
frame. Adding acrylamide monomers in this step is meant to prevent protein-protein inter-
crosslinking since acrylamide covalently reacts with the intermediate Schiff bases formed

during formaldehyde crosslinking.

3. Gelation chamber construction

Please refer to Figure 2 for a visual diagram

To make one gelation chamber spacer, glue two N1.5 22x22 mm coverglasses using

superglue
- For every gelation chamber, make two of these spacers.

Glue each spacer on the microscope slide spaced about (or slightly more) than 12 mm from

each other

- The space between these spacers will be used to glue the cell-adhered coverslip.
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3. As achamber lid, we use one N1.5 22x22 mm coverslip

- This lid is used to seal the chamber after pouring 1st gelling solution onto the

sample.

4. 1st gelation

1. Remove post-fix solution

2. Wash cells x3 with 1X PBS on rocker for 15 min each
3. Thaw 1st gelling solution

4. Make 25% APS stock solution fresh

5. Make 25% TEMED stock solution fresh

6. Place all three solutions above on ice

For this next step, refer to Figure 3 for a visual representation of steps 1, 4, 9 and 10
Samples are embedded in 1% hydrogel one-by-one. For every single sample:

5. Put a small droplet of superglue at the center of the space between the gelation chamber

spacers
6. Take cell-adhered coverslip out of 24-well plate using tweezers

7. Gently place coverslip on a Kim wipe to remove residual PBS from its non-cell adhered

side

8. Glue coverslip to the gelation chamber
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9. Make sure that cells remain hydrated by adding a droplet of PBS on top of the coverslip

10. Remove PBS from the coverslip with a Kim wipe, such that only some moisture can be

seen

- This step is critical: you must not allow the coverslip to dry out completely and you
also must not leave a significant layer of PBS above the cells since it might dilute

the gel.

11. Take one 1.5 mL Eppendorf tube and mix:

Activated 1% gelling solution

Solution Volume Final concentration

1%t gelling solution 196 uL 19% SA + 10% AAm + 0.1% DHEBA (all w/v) in 1X
PBS

25% APS stock solution 2uL 0.25% (w/v)

25% TEMED stock solution 2 uL 0.25% (v/v)

Total 200 uL 19% SA + 10% AAmM + 0.1% DHEBA + 0.25% APS

+0.25% TEMED in 1X PBS

Note that this step is very time sensitive as premature gelation of the solution might affect protein

retention.

12. Vortex for 2 seconds

13. Pour Activated 1st gelling solution onto the coverslip to cover it entirely
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- Use the same pipette used for handling the 196 uL gel solution to avoid spending

time calibrating pipettes, which could cause premature gelation.

- Use roughly two-thirds of the 196 uL volume or slightly more.

14. Seal chamber immediately with the gelation chamber lid

- Avoid air bubbles in the gel solution.

- Remove residual gel solution with Kim wipes.

15. Place gelation chambers in a humidified container (Tupperware with wet Kim wipes will

suffice)

16. Incubate for 1.5 h at 37°C

5. Denaturation

Refer to Figure 4 for a visual representation of steps 2-5

Remember to turn the dry block incubator on and set to 76°C before these following step

1. Remove gelation chambers from container

2. With a razor blade, gently remove the gelation lid from gelation chamber

3. With a razor blade, gently remove the gelation chamber spacers

4. Remove coverslip from microscope slide with a razor blade by gently placing the blade in

between the sample coverslip and the microscope slide

- Do not peel the gel off the coverslip.

5. Place coverslips in a 6-well plate and add 4 mL denaturation buffer in each well
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6. Incubate for 15 min at 37°C
- The gel should peel off the coverslip on its own during this step.

7. With a No. 2 paintbrush, gently pick up the gel and move to a 1.5 mL Eppendorf tube and

add 1 mL of denaturation buffer
8. Incubate in heat block at 76°C for 1 h

- Because heat is transferred to the Eppendorf tube through air, the actual temperature

of the solution will be 73°C (the desired temperature) and not 76°C.

- Water has higher thermal conductivity. So, if you are using a water bath, set it to

73°C.
9. Move gel with a paintbrush to a microscope glass slide and flatten it

10. With a new razor blade, cut a 0.75x0.75 cm square gel from the total gel and transfer to a

new 6-well plate using a paintbrush
11. Wash the gel x3 with 1X PBS for 20 min each to remove residual SDS

- You may wish to save the remaining gel in 4°C after washing residual SDS for

future use.

- You may wish to pause the protocol here for a couple of days by storing the gel in

PBS at 4°C.

6. 1st expansion

In this step, the gel will expand a factor of 4x to 4.5x

202



1.

2.

In the same 6-well plate, remove PBS and replace with ultrapure water

Incubate in water x2 for 30 min each and x1 for 1 h or until the size of the gel plateaus

7. 2nd gelation

The ideal re-embedded gel size is 1.5x1.5 cm.

Thaw 2nd gelling solution

Make 10% APS stock solution fresh

Make 10% TEMED stock solution fresh

Place all solutions above on ice

For every six samples to be expanded, in a 15 mL Eppendorf tube mix:

Activated 2nd gelling solution

Solution Volume Final concentration

2nd gelling solution 12 mL 10% (w/v) AAm + 0.05% (w/v) DHEBA

10% APS stock solution 60 uL 0.05% (wi/v)

10% TEMED stock solution 60 uL 0.05% (v/v)

Total ~12 mL 10% AAm + 0.05% DHEBA + 0.05% APS + 0.05%
TEMED

- Note that this solution will replace water within the expanded gel prior to its

polymerization.
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10.

11.

12.

13.

14.

- Asdescribed below, we incubate each gel x2 with 2 mL of this solution (made fresh
each time) for 20 min each before we immobilize them in gelation chambers and

polymerize at 37°C.
Vortex Activated 2nd gelling solution for 5 seconds
Remove water from the 6-well plates
Add Activated 2nd gelling solution
- Make sure that the gels are not adhered to the plate and can move freely.
Incubate for 20 min at RT on a rocker
- 5 minutes before the incubation time is over, make the same solution again fresh.

Remove Activated 2" gelling solution from wells using a p1000 pipette and make sure

that there is minimum residual solution
Repeat steps 5-10 again for a total of 2 incubations

After removing residual solution, move each gel with laminated tape to a glass microscope

slide
- Laminated tape is used to handle gels from this step onwards.

Remove residual Activated 2nd gelling solution on one side of the gel by gently pressing

on it using a Kim wipe
Flip the gel and repeat step 13

- Itis important to not have residual gel on the gel because after the final expansion,
you risk expanding a layer of gel underneath the cells which would limit how deep
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you can image (high NA microscope working objectives usually have limited

working distances).

15. Sandwich the gel with a N1.5 22x22 mm glass coverslip (see Figure 5)

- It is important to not have air bubbles between the microscope slide and the

coverslip, so position (or re-position) the coverslip properly.

- Now the gel is sandwiched between a microscope slide and a coverslip.

16. Place in a humidified degassing chamber (see Figure 6)

- Tupperware with two holes as inlet and outlet on its plastic lid is acceptable.

- You can use a compass to punch holes into the plastic lid.

- You can use wet Kim wipes to humidify the chamber.

- Alternatively, you can use a plastic Ziploc as a degassing chamber. In that case,

place a container inside a Ziploc and poke two holes to create an inlet and outlet.
17. Perfuse chamber with nitrogen or argon gas for 10 min

- Use a Pasteur pipette as a nitrogen/argon gas inlet and use leave the outlet open to

let the air escape.

18. After perfusion, remove nitrogen/argon gas inlet and seal both inlet holes with tape

immediately to prevent re-oxygenation of the chamber

19. Incubate at 37°C for 1.5 hours

20. Remove gel from gelation chamber and place it onto a new glass microscope slide using
tweezers
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21. With a new razor blade, cut and discard the edges of the gel
- Cut roughly 2-3 mm off every edge.
- Press very firmly with the razor blade to remove edges.
- The gel size should be ~1x1 cm.
22. Transfer gels to a new 12-well plate and hydrate with PBS
- If you wish to pause the protocol, you can store the gels in PBS at 4°C for a couple

of days, else you can proceed to the 3" gelation step.

8. 3rd gelation

1. Make 3rd gelling solution

2. Make 10% APS stock solution fresh

3. Make 10% TEMED stock solution fresh

4. Place the three solutions above on ice

5. For every six samples to be expanded, in a 15 mL Eppendorf tube labelled mix:

Activated 3rd gelling solution

Solution Volume Final concentration

3rd gelling solution 12 mL 19% SA + 10% AAm + 0.1% BIS (all w/v) in 1X PBS
10% APS stock solution 60 uL 0.05% (w/v)

10% TEMED stock solution 60 uL 0.05% (v/v)
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Total

10.

11.

12.

~12 mL 19% SA + 10% AAm + 0.1% BIS + 0.05% APS + 0.05%
TEMED

- Note that this solution will replace water within the expanded gel prior to its

polymerization.

- Asdescribed below, we incubate each gel x2 with 2 mL of this solution (made fresh
each time) for 20 min each before we immobilize them in gelation chambers and

polymerize at 37°C.

Vortex Activated 3rd gelling solution for 5 seconds

Add this solution to the gels in the 12-well plate they were stored in

- Make sure the gels are not adhered to the plate and can move freely.

Incubate for 15 min on ice on a rocker

- 5 minutes before the incubation time is over, make the same solution again fresh.

Remove Activated 3rd gelling solution from wells using a p1000 pipette and make sure

that there is minimum residual solution

Repeat steps 5-9 again for a total of 2 incubations

After removing residual solution, move each gel with laminated tape to a glass microscope

slide

Remove residual Activated 3rd gelling solution on one side of the gel by gently pressing

on it using a Kim wipe
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13. Flip the gel and repeat step 12

- Itis important to not have residual gel on the gel because after the final expansion,
you risk expanding a layer of gel underneath the cells which would limit how deep
you can image (high NA microscope working objectives usually have limited

working distances).

14. Sandwich the gel with a N1.5 22x22 mm glass coverslip (see Figure 5)

- It is important to not have air bubbles between the microscope slide and the

coverslip.

- Now the gel is sandwiched between a microscope slide and coverslip.

15. Place in a humidified degassing chamber (see Figure 6)

16. Perfuse chamber with nitrogen or argon gas for 10 min

- Use a Pasteur pipette as a nitrogen/argon gas inlet and leave the other inlet open to

let the air escape.

17. Remove nitrogen/argon gas inlet and seal both inlet holes with tape immediately to prevent

re-oxygenation of the chamber

23. Incubate at 37°C for 1.5 hours

9. Dissolution of 1st and 2nd gel crosslinks

1. Remove gels from the humidified container and re-embedding gel chamber using tweezers
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- Do not rip the coverslip lid off the gel harshly. Instead, hydrate the interface

between the coverslip lid and gel with some PBS prior to removing the lid.

Place in a new 6-well plate

Add 4 mL of 200 mM NaOH solution

- Verify that the gel is not stuck to the 6-well plate and can swim freely in the NaOH

solution.

Incubate on a rocker for 1 h at RT

Remove NaOH solution and move gels to a new 6-well plate using laminated tape

Wash x3 with 1X PBS for 20 min each or until the pH of the PBS solution is 7.4

- You can use pH strips to measure pH.

Move gel to a new glass microscope slide using laminated tape

With a new razor blade, cut a 1x1 cm square gel from the total gel and transfer to a new

12-well plate

- If you wish to pause the protocol, you can store the gels in PBS at 4°C for a couple

of days.

10. Immunofluorescence

Important notes:

Antibody staining must precede pan-staining of the proteome because we noticed less

efficient antibody staining if the order is reversed.
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There is no permeabilization step because the denaturation treatment extracts lipids.

IF is performed in 12-well plates. We use 2 mL volume per well.

1. Dilute primary antibody in block buffer

A dilution of 1:200 to 1:500 of common antibodies is recommended.

2. Incubate in primary antibody on a rocker for 12-24 h at RT or 4°C

3. Wash x3 with PBS-T buffer for 20 min each on a rocker at RT

4. Dilute secondary antibody in block buffer

A dilution of 1:200 to 1:500 of common antibodies is recommended.

5. Incubate in secondary antibody on a rocker for 12 h at RT or 4°C

6. Woash x3 with PBS-T buffer for 20 min each on a rocker at RT

7. Rinse x1 with 1X PBS

11. Pan-staining of the proteome

1. Thaw NHS ester dye stock at RT for 30 min

Since NHS esters are easily hydrolyzed by water, the stock solution must be
allowed to thaw for ~30 min prior to usage to prevent condensation of moisture on

the product.
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- Our favorite NHS ester dye is ATTO594 since it is hydrophilic and exceptionally
photostable. ATTO594 is sulfonated; we noticed efficient proteome staining and

less apparent aggregation with sulfonated dyes.
- Other preferred NHS ester dyes are ATTO532 and ATTO643.

- Hydrophobic dyes (e.g., 0G488 and ATTO647N) are not recommended since they

do not label the proteome efficiently.

- We noticed that cyanine dyes (e.g., Dy634, AF647) are bleached quickly with

confocal illumination.

2. To label six gels in a 12-well plate, we make 12 mL NHS ester dye working solution and

we use it immediately:

NHS ester dye working solution

Solution Volume/Mass  Final concentration

Sodium bicarbonate solution 100 mg 100 mM

NHS ester dye stock 120 uL 20 ug/mL

Ultrapure water Until 12 mL -

Total 12 mL 20 ug/mL NHS ester in 100 mM NaHCO3

3. Add 2 mL NHS ester dye working solution to each of the 6 wells

4. Incubate protected from light on a rocker for 1.5 h at RT

- You can use aluminum foil to cover your samples.

5. Wash x3 with PBS-T buffer for 20 min each on a rocker at RT
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6. Optional but recommended: Label gels with a chromatin marker

- We recommend staining with SYTOX green DNA (Thermo; cat no. S7020) used

at a dilution of 1:3,000 in phosphate-free buffer for 30 min to 1 h at RT.

- Co-staining with NHS ester dye in sodium bicarbonate buffer is also possible.

12. 2nd expansion

In this step, the gel will expand a factor of ~16x
1. Place gels in a new 6-well plate

2. Exchange water x2 for 30 min each and x1 for 1 h or until the size of the gel plateaus

13. Gel mounting

First, the orientation of the cells on the gel the be determined. The most reliable way of doing this
is by imaging the gel with a table-top fluorescence microscope that is compatible with GFP or RFP

imaging.
1. Make sure that the gel is about or less than 2x2 cm
2. Place the gel onto a 30 mm N1.5 glass coverslip MatTek dish
3. Remove residual water

4. Move MatTek dish to microscope and try to find the sample focal plane using a 10x air

objective (4x or 20x air objective is also ap